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Diabetes is a prevalent disease throughout the world. There were about 18.2 
million people suffering from it in the US in 2002. Even in Hong Kong, more than 
0.7 million people suffer from diabetes. Diabetes raises many complications, like 
heart attack which is a well-known "silence killers". A well-designed treatment for a 
patient with diabetes is very important. It relies on a detailed and systematic record 
• of the changes in blood glucose levels of the diabetes patient. Traditional 
measurement methods are invasive, where a blood sample is extracted from the 
patients. It is believed that long-term invasive assessment will increase the risk of 
inflection, in turn raise many complications and therefore is undesirable. 
In order to alleviate the suffering of patients, many researchers put a lot of effort 
to develop semi-invasive and non-invasive measurements of blood glucose. In this 
research, two optical measurement techniques, surface plasmon resonance (SPR) 
approach and near-infrared (NIR) spectroscopy approach, are investigated, where 
SPR approach has the potential for semi-invasive measurement while NIR approach 
has the potential for non-invasive measurement of blood glucose. 
A Surface Plasmon Resonance (SPR) platform has been setup to measure the 
glucose concentration in water. Two configurations have been examined by 
employing different resonant wavelengths and photo-detectors. It was found that by 
using longer resonant wavelength with Germanium detector, the resolution of the 
system has been improved from 65.79 mg/dL to 21.37 mg/dL. The other study is the 
employment of Partial Least Square (PLS) regression method to establish a model 
for prediction and comparison between PLS regression and simple linear regression 
with minimum hunting of polynomial fitted data, a conventional method. Preliminary 
results show that PLS method gives a smaller root-mean-square-error of prediction 
I I 
(RMSEP) of 61.79 mg/dL when compared to the conventional method with RMSEP 
of 78.92 mg/dL. SPR is not designed for non-invasive measurement because the 
sample should be contacted with the sensing area for measurement. Therefore, 
another technique, NIR spectroscopy, is investigated which is aimed for non-invasive 
estimation of glucose. 
On studying the Near-infrared (NIR) spectroscopy, a spectrometer has been 
constructed with a monochromator and some simple optics. Measured results have 
been analyzed with different pre-processing methods in order to suppress the noise 
embedded in the data content such that the data will be more correlated to the 
interested parameter for establishing a model for glucose concentration estimation. 
Commercial spectrometers have been employed and compared with the result 
obtained by self-established spectrometer. The analyzed data with the PLS regression 
method are plotted with RMSEP values for comprehensive comparison and 
evaluation. The result shows that the data obtained by one of the commercial 
spectrometer with proposed data pre-treatment method can achieve the best RMSEP 
of 24.34 mg/dL. According to the investigation and results, it is believed that 
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Chapter I: Introduction 
Chapter 1: Introduction 
1.1 Objectives 
The aim of this research is to measure low concentration of glucose in water by 
optical approaches. Two different measurement techniques have been investigated. 
They are surface plasmon resonance (SPR) method and near-infrared (NIR) 
spectroscopy approach. Besides, data analysis on those measured result have been 
studied and performed. Measurement of low concentration glucose is interested 
because the glucose concentration in human being is very low, in the range of less 
than 0.1% of the blood content. Therefore, the fruit of the research is the leading step 
of investigating semi- and non-invasive blood glucose measurement by means of 
optical methods. It is very important as the diabetes problem is being more and more 
serious in the whole world. 
1.2 What is diabetes mellitus? 
Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia 
with disturbances of carbohydrate, fat and protein metabolism resulting from defects 
in insulin secretion. 
Diabetes is classified into several types. Type 1 and type 2 are the most common 
types. In type 1 diabetes, human body produces little or no insulin. In type 2 diabetes, 
the body does not produce enough insulin or the cell does not response to the insulin 
or both. The concentration of blood glucose can be used to determine whether or not 
the person has diabetes. Diabetes is diagnosed when fasting plasma glucose value is 
larger than 126 mg/dL, when plasma glucose value after 2 hours of 75g oral load test 
is greater than 200 mg/dL [1,2]. 
According to world health organization (WHO) statistic, the prevalence of type 2 
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diabetes is increasing rapidly in the past decade. The report from WHO predicted that 
approximately 150 million people have diabetes mellitus worldwide, and the number 
may be doubled by the year of 2025 [3]. 
Need for blood glucose monitoring 
In type 2 diabetes, the disorder of insulin secretion leads to hypoglycemia (low blood 
glucose level) or hyperglycemia (high blood glucose level). Most of the 
consequences of diabetes result from its macrovascular and microvascular 
complications. Statistic shows the mortality due to coronary heart disease (CHD) in 
diabetic populations is 2-4 times higher than in the non-diabetic populations. Other 
complications include kidney disease, eye complications, neuropathy and nerve 
damage, foot complications and skin complications. It causes more than half of all 
non-traumatic lower limb amputations. Especially, in developed countries, diabetes 
has been one of the leading causes of visual impairment and blindness. 
A huge amount of resources are required to invest in diabetes to release their 
suffering and improve their living style. Continuous blood glucose monitoring is 
essential for physiologist to design a suitable treatment for individual diabetes. 
Physiologist suggests diabetes should record their blood glucose changes in a day 
with a minimum of seven records. Presently, the blood glucose meter used at home is 
an invasive type one which requires the user to take the blood sample from a finger. 
In order to insure the coherence of different records throughout the day, it is 
suggested that the blood for measurement should be sampled at the same site of the 
finger. Unfortunately, the immunity function at the sampling site will be damaged by 
continuous breaching of the finger. Thereby lots of researchers are putting extensive 
effort on investigating semi-invasive or non-invasive blood glucose meter by 
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different means, all of which have the same mission that is to release the suffering of 
patients. 
1.3 Review of "Technique for blood glucose measurement” 
Diabetes measures blood glucose for two purposes. First, they want to know the 
instantaneous glucose level in order to see whether they get abnormal glucose level. 
Besides, doctor wants to know if the pancreas functions normally. Therefore, for the 
clinical diagnosis of diabetes, the change of glucose level of a standard test by 
glucose dosing is evaluated. The adult being tested drink a sugar solution equivalent 
to 75g of glucose. The fasting plasma glucose level of a healthy party is less than 115 
mg/dL, and the 2-h value less than 140 mg/dL with no further rise above 200 mg/dL. 
Value between 140 and 200 mg/dL during the first 2-h of the test indicates an 
impaired glucose tolerance. This measurement procedure is called the oral glucose 
tolerance test (OGTT). Such results are shown in Fig. 1.1，with typical changes of a 
healthy person and diabetics. 
200 
• - 。 ： / 
I i m / Diabetics 
i 140 乙 
u — “ 
J iOO / Normal 
so — 
0 1 2 3 4 5 
Hours after glucose intake 
Fig. 1.1: Typical OGTT response diagram [4] 
A continuous blood glucose testing method is necessary to record the trend in OGTT 
3 
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because some very sharp changes in glucose concentration can be up to 40 mg/dL per 
10 min. No matter which purpose is behind the glucose measurement, continuous 
blood glucose monitoring does benefit those diabetes away from many sufferings. 
Glucose in human body 
There are different types of glucose in the world. D-Glucose is the major form 
occurring in human being. D-Glucose can be found in two different stereoisomers, 
a-anomeric form and P-anomeric form, respectively. 
CHjOH CH^OH 
f Y \ f 
H ^ p H H � H A y 
OH OH 
(a) (b) 
Fig. 1.2: Two stereoisomer form of D-Glucose 
The structure between these two is very similar, only with exception of the circled 
structure up-side-down. This does not affect much in measurement. For vibrational 
or absorption related measurement, the energy profile will have very small difference 
between two type of glucose structure, theoretically. The dominated bondings are 
0-H and C-H bonding. 
1.3.1 Conventional blood glucose meters 
At present, there are many different kinds of blood glucose meters in the market. 
Most of them are based on conventional photo-chemical analysis method to measure 
the concentration of blood glucose. This method adopts the actual chemical process 
in human body. Glucose present in the plasma is oxidized by the enzyme glucose 
oxidase (GOD) to generate gluconic acid with the liberation of hydrogen peroxide, 
which is further converted to water and oxygen by the enzyme peroxidase (POD). 
4 
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Chemist knows that four aminophenazone react with the oxygen and phenol to form 
a pink coloured chromogen, which can be measured at the wavelength of about 515 
nm. The concentration of the glucose level can be reflected by the number of reacted 
oxygen with aminophenazone, which in turns is reflected by the absorbance of 515 
nm light ray [5:. 
Glucose + O^ (GOD) ( > gluconic acid + H^O� —(eq. 1.1) 
H2O2 + 4 - aminophenazone+phenol+(POD) ^ ^ quinoneimine (pink in color) 
—(eq. 1.2) 
There are more than one chemicals that can be used to measure the blood glucose 
concentration by similar means. The key principle is to oxidase the D-glucose, which 
will release oxygen or hydrogenperoxide for further chemical reaction with other 
chemicals, like aminophenazone or iodine, to form coloured chemicals. 
In order to quantify the concentration of blood 
Measuring f^m^k •• 
glucose, it can be evaluated by measuring the ^J^od , ' ^ ^ ^ � 
number of coloured chemicals. Although it seems ‘ 麵， 
impossible to count the exact number of coloured \ \� 
chemicals, the approximate quantity of coloured s ^ Z / 
1 . , , Fig. 1.3: Traditional blood chemicals can be estimated by optical means ^ 
glucose meter [6] 
governed by Lambert-Beer law. The details of 
Lambert-Beer Law will be discussed in chapter 4. 
Another technique is electro-chemical effect. The glucose in blood undergoes a 
chemical reaction with a certain chemical. Therefore, the mobility of the mixture will 
change. The concentration of the glucose level can be measured by the current 
generated from the electro-chemical effect. 
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1.3.2 Semi-invasive blood glucose meter 
As introduced before, conventional blood glucose measurement requires the user to 
breach their finger for blood sample. In order to reduce the side-effect raised by 
being breached, scientists try to measure the glucose in interstitial fluid. By this 
method, the blood vessels or blood capillaries no need to be damaged, and the 
side-effect raised by breaching will be minimized. 
One of the most successful semi-invasive blood glucose meter is Gluco-watch, 
developed and manufactured by Cygnus, Inc.. The 
product has just passed the food and drug administration * ^ ^ ^ ^ ^ 
(FDA) approval for sale [7]. 、 者 � . ‘ ? 
。’發’’-‘：',, ‘々 
：/r' • 
Gluco-watch extracts the interstitial fluid by applying an ^ S ^ ' ' : 
J:: � , 
extremely low current on the surface of skin. The ‘ “ ‘ ‘‘ 
glucose is then collected by two gel-discs for 1.4' Gluco watch [7] 
measurement (by conductivity). Although gluco-watch is a semi-invasive device and 
it passes the FDA approval, it cannot replace the conventional meter. It is because the 
interstitial fluid being measured does not reflect the actual glucose level in blood at 
the time of measurement, but corresponding to the blood glucose values from about 
15 minutes ago. Besides, frequent calibration is necessary as the physiological 
properties, like the dryness of skin, change from day to day. 
1.3.3 Surface plasmon resonance (SPR) method 
In the research, surface plasmon resonance (SPR) experiment has been performed 
and investigated. It is commonly used in bio-chemical area for identifying chemical 
substance. Recently, it is used to monitor protein-protein interaction and 
protein-DNA interaction [8]. SPR phenomenon is based on optical approach which 
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detects the changes of the refractive index of the sample. Measurements of glucose in 
aqueous solution done by others [9, 10], are with wide range of concentration from 
180 mg/dL up to 3600 mg/dL with large step. SPR is interested as the resolution and 
the sensitivity of detection is very high. Therefore, it is worthy to investigate if the 
SPR method can measure the concentration of glucose in low concentration region (0 
mg/dL - 600 mg/dL) with satisfied resolution of detection. However, the 
measurement method for SPR requires the direct contact with sample. Therefore, it 
may be categorized as invasive or semi-invasive measurement method. The work of 
SPR will be presented in the chapter 3. 
1.3.4 Non-invasive blood glucose meters 
Although there are many researches on semi-invasive meter, it does not satisfy the 
need of diabetes as there are still many limitations and side-effects. Lots of effort has 
been carried out by many researchers on non-invasive method, with the aim of 
eliminating all the side-effect and inconvenience during measurement. 
In order to perform the non-invasive measurement, it seems that only 
electromagnetic wave can take the task. Electromagnetic wave covers a wide range, 
not all the frequencies are suitable. Some regions are harmful to human body, like 
X-ray and part of micro-wave. For biological measurement, visible light, infrared 
and low-frequency of radio frequency are commonly used. Following is a short 
review on those techniques which have been investigated by other researchers. 
Raman spectroscopy is based on the Raman Effect due to the vibrational and 
rotational energy levels of molecules. The greatest advantage of this method is that 
the spectrum does not affect by water component in measured sample. It is the most 
important feature and benefit from Raman spectroscopy. 
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Photoacoustic spectroscopy is based on the technique of converting optical energy 
to acoustic energy. Once the physical properties of the measuring sample changes, 
the acoustic energy generated will also be changed. Interesting information can be 
figured out from the alterations of acoustic energy. 
Scattering measurement is similar to Raman spectroscopy measurement. Lots of 
research indicated that the changes of glucose concentration in the blood will change 
the scattering properties measured from the skin. Therefore, by measuring the 
alteration in the phase shift of the Rayleight scattering, we can determine the 
concentration of glucose. 
Polarization measurement can be used to measure glucose because glucose itself 
can polarize the electromagnetic wave. The degree of polarization will be increased 
with the present of more glucose molecules. 
Radio-wave impedance measurement is based on measuring the impedance of 
radio waves propagating through the measured sample. The amplitude and the phase 
of radio-wave will be deteriorated when it passes through the non-ionic substance. 
Details of those other researches will be introduced in the appendix A as reference. 
In the research, near-infrared spectroscopy method has been investigated and the 
details will be presented in chapter 4. 
1.4 Research directions 
After reviewing different possible methods for blood glucose measurement, SPR and 
NIR spectroscopy methods have been chosen for investigation. SPR approach is 
chosen because of the attraction of its capability for high resolution and sensitivities 
of detection. After reviewing the works done by other researchers [9，10], it is 
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curious that they measure the glucose with the concentration with several times 
higher than physiological concentration of glucose. Therefore, it is worth to 
investigate the capability of SPR for low concentration measurement in physiological 
range. However, this method cannot be used as non-invasive mean. Therefore, there 
is more motivation on investigating non-invasive measurement by means of optical 
approach. NIR spectroscopy is chosen because it is comparatively more practical 
than other methods in terms of implementation. For an example, radio-wave 
impedance measurement requires very huge magnet for measurement. Besides, the 
response raised by glucose in such low concentration is very small in different 
measurement methods. However, NIR spectroscopy composed by large amount of 
variables which provide more information for correlating the measured information 
with the concentration of glucose. According published paper, it is widely 
investigated [21, 23, 32-40] with the wavelengths consist of fundamental wavelength 
and ist overtones. Therefore, it is more interested in employing the wavelengths 
range of overtones and 3rd overtones. It is because solid state lighting source can 
be employed in these ranges. It will be much more appreciated and worthy for 
miniaturization as portable device. 
1.5 Data analysis methods 
In the research, SPR spectrum and NIR spectrum have been measured separately. 
Those spectral data obtained from the experiments are used for establishing a 
calibration model for verification and future measurement as prediction. Therefore, 
data analysis methods should be employed. Besides, some data pre-treatment 
processes may be required in order to improve the representative of those spectral 
data. Linear regression and partial least square (PLS) regression are chosen as the 
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data analysis methods in the research. Linear regression tries to relate two kinds of 
variables which are linearly dependent to each other. It is a simple regression method 
for mapping the measured value (e.g. phase shift) to interested parameter (e.g. 
concentration). PLS regression tries to relate a set of independent variables (e.g. 
absorbance) to one or more interested parameters (e.g. concentration of A, 
concentration of B, reaction rate, etc). Other than those data analysis methods, some 
data pre-treatment process is necessary for improving the representability of the 
measured data. Therefore, some different data pre-treatment processes will be 
discussed. 
Comparatively, the concentration of glucose can be observed directly from the SPR 
spectrum. Therefore, simple linear regression has been employed for establishing the 
calibration model in most published studies. In order to establish a model for 
prediction, different data analysis methods have been studied. The traditional 
approach and proposed method, PLS regression method, have been compared to see 
if PLSR can give any improvement on such simple data structure. 
For the NIR spectrum, the concentration of glucose cannot be observed directly from 
the NIR spectrum compared to SPR one. Fortunately, the absorbance of different 
wavelengths are independent to each other, they are unique to the glucose response. 
Therefore, by correlating the absorbance of different wavelengths with the 
concentration of glucose, multivariate data analysis, PLS regression method, has 
been chosen as the method. PLS regression method tries to reconstruct the spectral 
data in a compressed data structure for maximizing the correlation between spectral 
data and the interested information, concentration. 
1.6 Organization of the thesis 
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This thesis investigates two different optical approaches for estimating the 
concentration of glucose solution. There are five chapters in the thesis. 
In chapter 2, the theory behind the data analyses that will be used in analyzing 
spectral data in chapter 3 and chapter 4 will be introduced. The chapter mainly 
discusses simple linear regression and bilinear modeling method. 
In chapter 3, SPR experiment is used to measure the concentration of glucose in low 
concentration situation for studying the resolution and the sensitivity of the SPR 
platform. The measured results are used to studying the reliability of the measuring 
system for glucose estimation with different data analysis methods and data 
pre-treatment process. 
In chapter 4, a self-established spectrometer is used to measure the transmission 
spectra of glucose solution for estimating the concentration. The measured spectra 
are analyzed with PLS regression method with different data pre-treatments. The 
analyzed results are interpreted by the proposed method, PLSR segmentation 
analysis. Besides, a proposed data treatment for NIR spectral data shows the 
comparable prediction result with the conventional normalization method. The 
limitation and requirements for establishing a spectrometer are discussed. The 
capability study of using NIR spectroscopy method is discussed with the measuring 
results from several commercial NIR spectrometers. 
Chapter 5 is the discussion and conclusion of the whole thesis. Besides, suggestion 
for future work will be discussed. 
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Chapter 2: Spectral Data Analysis Methods 
2.1 What is spectral data? 
Spectral data is a plot or a series of data which represents the response of the 
measurand with respect to the different measuring parameters. Especial for optical 
spectrum measurement, the absorbance or transmittance coefficient measures the 
response of the chemicals with respect to different frequency of the optical wave. 
2.2 Nature of Spectral Data 
Since different spectral data can be obtained by different instruments, therefore, it is 
important to understand the properties of the obtained spectrum before data analysis. 
In the research, three kinds of spectral data will be investigated. They are dispersive 
near-infrared (NIR), Fourier-Transform NIR (FT-NIR) and surface plasmon 
resonance (SPR) spectral data. The first two spectra are more or less similar to each 
other; their major difference is the acquisition method. The last one gives 
information totally different from the first two. In the research, three kinds of spectra 
are used to find out the information of glucose, so that the concentration of glucose 
in aqueous solution can be quantified. Understanding the spectrum information is 
necessary before any data analysis. Therefore, three spectra will be introduced first. 
Dispersive NIR spectrum 
Dispersive NIR spectrum can be obtained by using filters or grating. The spectrum 
shows the intensity of the light absorbed by or transmitted through chemical sample 
with respect to different wavelength. There are different chemical bonds between 
molecules or even within a molecule. The bonding energy of different chemical 
bonds give different constraint force to the molecules which limit their movement. 
12 
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The vibrations or rotations within a molecule cause a net change in the dipole 
moment of the molecule. When the frequency of radiation matches the vibrational 
frequency of the molecule, then the radiation will be absorbed, causing a change in 
the amplitude of molecular vibration. 
Because the molecules absorb the energy of particular frequencies of radiation 
matched with the dipole moment of the molecules, the complexity of the spectrum 
can treat as a finger print of the molecule. Therefore, it is possible to determine the 
chemicals qualitatively. Besides, according to the famous Beer Lambert's law, the 
absorbance is directly proportional to the concentration of the chemical. So, 
quantitative analysis can be performed with spectral data. 
30 mg/dL Glucose NIR spectrum 
S 3 A  
I 2.5 | V  
专 0.5 f -
0 I 丨 ~ 
400 900 1400 1900 2400 
wavelength (nm) 
Fig. 2.1: NIR spectrum of glucose solution (30 mg/dL) 
Fourier-Transformed NIR spectrum 
The theory of FT-NIR spectrum is nearly the same as dispersive NIR. The major 
difference is the acquisition method. FT-NIR spectrum uses interferometer to 
decompose the broadband radiation into individual frequency information instead of 
using monochromator or grating. Another difference between FT-NIR and dispersive 
NIR spectrum is their individual representation method of decomposed radiation. For 
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dispersive NIR, the unit of decomposed radiation is wavelength (nm) while FT-NIR 
is wavenumber (cm'^). Therefore, FT-NIR spectrum also gives the finger print of the 
particular molecule. 
50 mg/dL Glucsoe FT-NIR spectrum 
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Fig. 2.2: FT-NIR spectrum of glucose solution (50 mg/dL) 
Surface Plasmon Resonance (SPR) Spectrum 
The information given by SPR spectrum is different from that of NIR spectrum. SPR 
spectrum records the reflectance due to the SPR effect. Originally, the change of 
reflectance is directly related to the alteration of refractive index. The minimum 
reflectance indicates the SPR effect caused by the particular refractive index of the 
sample. 
Wavelength-based SPR reflectance spectrum with 928 nm 
resonance wavelength 
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Fig. 2.3: Wavelength-based SPR spectrum 
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2.3 How to interpret the spectral data? 
In the research, the interesting information is the concentration of glucose in the 
aqueous solution. Although different spectral data indicate different chemical or 
physical meaning, those information can be directly or indirectly correlated with the 
concentration of the sample. For example, the degree of the absorption intensity is 
directly related to the concentration of the sample in dispersive NIR or FT-NIR 
spectral data; while the alteration of refractive index in SPR is correlated to the 
concentration of the sample with a factor within a certain range, therefore the 
alteration of the minimum reflectance is indirectly proportional to the concentration 
of the sample. 
With the understanding the relationship of the instrument parameter and the 
measured parameter, the spectral data become useful for data analysis. One of the 
most important uses of the spectral data is quantitative analysis. In the research, 
estimation of the glucose concentration in aqueous solution is the crucial task. In 
order that the concentration of newly measured sample can be estimated, a model 
should be built based on the relationship between the instrument parameter and 
measured parameter. One of the classical statistic approaches to determinate the 
relationship between random variables is the method of linear regression. The 
following review of data regression methods are summarized from many different 
resources [8-14]. 
2.3.1 Linear regression 
Linear regression is a pretty simple mathematical method used to describe the 
relationship between two variables, X and Y. In a set of experimental data, both X 
and Y are known. A best straight line can be calculated and described in the form of 
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linear equation: Y = mX + c. It can be simply described by a linear equation: y = mx 
+ c, where y is the dependent variable; x is the independent variable; m is the slope 
of the line and c is the y-intercept of the line. Therefore, a value of the dependent 
variable can be found, given a value of the independent variable, from the linear 
equation. 
The mathematical expression may reflect different or no physical meaning of the data 
depending on different acquisition methods. The slope, m, indicates the response of 
the dependent variable to the alteration in the independent variable. The y-intercept 
may indicate the background signal. 
The best straight line is determined by the minimizing the sum of squares of the 
vertical distances of the points from the line. 
If the best straight line is 
y^^ - mx + c , (eq. 2.1) 
then the residual can be written as: 
- (eq. 2.2) 
i=\ 
Because the slope and the intercept represented the characteristic of the linear line, 
therefore, R can be minimized with respected to variations in m and c by setting their 
partial derivatives equal to zero, as 
— Y { y ^ - m x . - c ) = 0 - mx. -c)(-x. ) ] = 0 — (eq. 2.3) 
dm dm \_ ,=1 � ，=i 
qr 3 ” 2 “ 
Y = y ( • — mx, — c) - 0 X ! — 肌 i — c)(_l)] = 0 
dc clc^ L,二 1 � — — (eq. 2.4) 
By solving the two equations, c and m will be obtained as folio wings: 
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n n n n n 
Z — ^ Z Xi yi^i - H 乂 Z ! 
c = ^ ^ ^ ， m = ^ ^ ^ — (eq. 2.5) 
n rt 广 n � 
i=\ V J 
It is pretty simple to find the linear equation for regressing the two variables. It is 
also very important to measure how well the linear line represents the data, in other 
words, how the two variables are correlated to each other. It can be measured by the 
correlation coefficient, r，as following: 
r 二 , …（eq. 2.6) 
1  
r is used to measure the goodness of the best straight line. The line is a better fit for 
the higher r value. 
The simple linear regression is mainly used in the two variables with linear 
characteristic. In most chemical or biological experiments, independent variable is 
usually not limited to one. Therefore, multiple linear regression (MLR) is used. 
2.3.2 Multiple linear regression (MLR) 
MLR is similar to simple linear regression, but it handles more independent variables 
than one. In spectral data analysis, multiple linear regression is used rather than 
simple linear regression because spectral data contain many absorbance with respect 
to different wavelengths. For multi-independent variables, the regression line can be 
written in the following form: 
yi = bo + xiibi + ... + Xkibk + fi, i = 1，...，m — (eq. 2.7) 
or in matrix form: 
y = Xb + f — (eq. 2.8) 
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Fig. 2.4: Illustration of multiple linear regression (regressing X on Y) [8] 
In order to make the presentation clear, the notations are defined here, as 
y is scalar vector 
Y is matrix with i rows and k columns 
for y = Xb + f, y can be interpreted as the concentrations of different sample 
measurement and there are m different sample measurements; X is the spectra data; b 
is the regression coefficient and f is the residual vector (noise). It can be intuitively 
observed that the simple linear regression is a special case of the multiple linear 
regression when i = 1. 
In general, the idea of finding the regression coefficient is the same. Therefore, the 
least square problem can be formulated as minimizing the "size" of f=y-Xb. By 
matrix calculation, the regression coefficient for minimizing f can be found from the 
following equation: 
f t = (y-Xb)' (y-Xb) = 0 今 b = (X'X)'' Xy ---(eq. 2.9) 
From the solution of regression coefficient, it raises an important problem occurred 
in calculation. (X�X)-i may not be existed if some of the columns of X is dependent 
to each other or if it is not full rank in mathematical term. It is called collinear 
problem which is commonly occurred in spectroscopy data. Fortunately, the problem 
八 
can be solved by applying generalized inverse or pseudo inverse. If b is substituted 
into the model equation, a predictor of y is obtained, as 
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y = Xb = X(X'X)-i X y . —(eq. 2.10) 
The equation is in the form of projection of vector y v ^ - ^ l 口 _ 一-� 
into a subspace spanned by linearly independent ^C^ection^y ���� 
vectors (Xi, Xk) = X. \ \ 
A 一一二 
The concept of the project can be illustrated by 、一 
Fig. 2.5: Projection of y 
plotting the points in a Cartesian coordination system 
as in Fig. 2.5. In another word, y, the project of y, is the vector in the X-space 
which is closest to y. This satisfies the best fit concept in the line regression for data 
as mentioned in simple linear regression session. 
Common problem, collinearity, in handling spectroscopy data 
Spectral data generally consists of many variables, which try to represent the 
chemical information. However, not all the data are suitable for formulating a 
calibration model for prediction. Usually, the most common problem is the 
collinearity of the data. As a wide range of spectrum obtained, not all the variables 
are correlated to the interested information. Those uncorrelated variables may have 
similar or even same changes as other uncorrelated variables. Therefore, collinearity 
occurs easily. The inevitable collinearity problem in the raw NIR spectrum may be 
solved by reducing the original raw spectral data into a smaller scale of data set, 
which contains most of the useful information. 
2.3.2.1 Data reduction 
The basic idea of data reduction is to represent the information in many observed 
variables by a few underlying variables, called components, scores, regression 
factors or latent variables. It can be simply expressed as: 
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(ti, ...,tA)' = h i [ ( x i ， — (eq. 2.11) 
The regression equation uses these factors as regressors with y as regressand, 
y = (yi，...,yjy = h2[(ti, ...,tA)1 + f — (eq. 2.12) 
Now, f not only means residuals but also those contributions to y, which cannot be 
explained by the factors t = (ti, Ia). In another word, the A factors represent the 
significance of the variation in X-space that is important for predicting y. In order to 
perform data reduction for extracting those variations in X-space that are significant 
to the variation in Y-space, all the data, X and Y, are required to be mean-centered, 
i.e. 
X �= X - X and Yo = Y - 7 ; — (eq. 2.12(a) & (b)) 
where x and ^ is the means of calibration data. 
Therefore, the linear data compression model can be expressed as: 
T = XV’ — (eq. 2.13) 
and Y = T Q + F — (eq. 2.14) 
where T is the factor matrix formulated by the reduction-matrix V on X, Y is the 
regression matrix for the reduced data (newly represented matrix), and F is the data 
of matrix which cannot be explained by the reduced data. 
Once V is determined and Q is estimated, the predictor Y = XVQ can be obtained. 
It can be expressed in the format compared to MLR regression equations, 
A A / A A 八 / —， —f A 
Y = bo +XB where B = VQ' and bo = y . The major difference between the 
data-reduced approach and the ordinary MLR approach is that the individual 
regression coefficients bkj are not necessary 'independently' estimated for the data 
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compression methods. It is because the collinearity problem is solved by representing 
X using a reduced number of 'compressed' regressors T. Therefore, the regression 
coefficients “ are functions of the model parameter of V and Q but not X. It can 
be noticed intuitively that the solution is the same as MLR regression approach when 
the number of factor, A，equals the number of X-variables, K. Therefore, the number 
of factor is usually smaller than k in order to solve the collinearity problem and to 
avoid over-fitting problem. 
In order to realize the data reduction, V and Q should be determined and estimated at 
first. There are many different methods for estimating V from the calibration data 
themselves, and making the data themselves responsible for extracting the relevant 
information. Principal component regression (PGR) and partial least square 
regression (PLSR) are the most common methods for estimating V. Both PCR and 
PLSR are under the modeling category of bilinear modeling (BLM). 
2.3.3 Bilinear modeling (BLM) 
As described in the session of data reduction, all the data represented here will be 
mean-centered in order to compare and extract the significant information from the 
A A  
original data. In the following, V and T represent the estimates of V and T. 
The calibration model can be written as following for BLM: 
X = TP' + E , — (eq. 2.15) 
and Y = T Q + F , — (eq. 2.16) 
where T = XV . — (eq. 2.17) 
As expressed in the calibration equations, BLM tries to calibrate and regress both 
X-space information and Y-space information either dependently or independently. 
Both regressions are based on the reduced data matrix, T. 
E and F are the residuals matrices caused by measurement noise, operator mistakes, 
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nonlinearities, etc., from the spectroscopy measurement. 
The whole procedure of BLM can be summarized as following: 
The calibration data sets, X and Y, are mean-centered prior to calibration. 
Calibration: 
1) V = / ( X , Y ) is first determined by X and Y to optimize a certain 
criterion depending on different methods, such as PCR or PLSR. 
/V • A 
2) T，a reduced data set, can be found by T = XV . 
3) X = T P + E and Y = t Q + F are two MLR equations of X and Y 
A 
regress on T for computing the estimating P and Q of each individual 
A 
variable Xk on the obtained factors T . 
4) P' = ft't)"^ t ' X and Q' = (t't)"^ t ' Y are obtained by solving the two 
\ 
MLR equations, (eq. 2.15 & eq. 2.16). 
5) E = X - t P ' and F = Y-TQ' are residuals used to calculate the 
prediction performance of the model. 
Prediction: 
All the newly measured data should be mean-centered prior to prediction. 
1) = | x ' - x j V reduces the new X-data into the corresponding space of 
the calibration model with the same reduction matrix. 
2) y' = y estimates the corresponding y component based on the 
calibration model. 
3) e. =x.-x - t 'P' examines how the new X-data is compared to the 
X-variabilities as in calibration model. It is useful in outlier detection. 
PCR and PLSR are very similar except for the way of formulating the factors. The 
conceptual difference can be illustrated by the two block diagrams. 
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(a) (b) 
Fig. 2.6: (a) Illustration on how PGR regresses X on Y; (b) Dlustrate on how PLSR 
regresses X on Y 
Both methods try to decompose the X-data into a smaller dimension data-set which is 
more independent to each other. PLSR tries to get the regression factors with the 
information of Y-data, so that Y-data also regress on the decomposed matrix for 
calculation. In most spectral data, the X-data are relevant to the Y-data with a tied 
physical meaning. Therefore, PLSR should be the more suitable method although it 
has some drawbacks. 
2.3.3.1 Partial least square regression (PLSR) 
As mentioned in BLM, V should be determined for obtaining the decomposed 
matrix. In PLSR, scores T are desired to be orthogonal where an additional set of 
A A 
loadings W are used to confine T to be orthogonal. As in the research, only 
concentration is represented by Y-data, the following will describe since the PLSR in 
one single Y-variable. X and y are mean-centered and represented as Xo and y。， 
respectively. 
As the aim of loading weight vector w^ is to establish the relationship between X 
and Y-data, therefore, and y should be maximized with the constraint that 
w/w^ = 1. The number of factor, a=l, 2, ...，Amax，should be larger than the number 
of phenomena expected to be seen in X-data. Each factor can be found as following 
23 
Chapter 2: Spectral Data Analysis Methods 
Steps one by one: 
1) w^ is found by maximizing the scaled covariance between and y, 
^'a^'a-iJa-i • Wa caii bc found using LS of = + E with the solution 
of w^ = where c is the scaling factor making the magnitude of w^ 
to be unit length. 
2) Factor scores is the projection of Xa-i on w“ as described in BLM, i.e. 
t . = 
3) Loading p“' can be found by regressing Xa-i on t�，i.e. p^ = X'“i“ /i 'J^ 
4) Loading q / can be found by regressing Ya-i on t^，i.e. q^ = Y二又 /t二i以 
5) Thus the residuals of X and y can be simply found by subtraction: 
E = and f 二 y “ _ i - U « . 
The new factors can be found by setting the residuals as the new X and y until 
Amax factors are all found by repeating step 1 to 5. 
A A 
i.e. Xa = E ， y “ = f and a = a + I. 
Not all the factors are required to be used for establishing the calibration model, 
Therefore, it is necessary to choose the suitable one by examining the residual 
spectrum or other validation method. 
For prediction, it is also similar to BLM procedure, as: 
1) Scale the new data as for the calibration data and mean-center the data with the 
mean of calibration data. 
’ _ 丨—' 
X/，o = x , — X 
2) Thus, the decomposed data can be obtained by = ^[a — . 
3) New residuals, or new x, can be found by x, “ = x, —^p:. 
Find all the x (xi, Xa) with step 2 and 3. 
_ A 
4) Then, y can be predicted by y. = y + ^ t.^q^. 
a=l 
2.3.3.2 Model reliability: 
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In the research, a series of experimental data has been obtained. Not all the data are 
used to establish a calibration data. Only part of them is used as calibration while the 
remaining portion is used as prediction or validation in order to evaluate the 
prediction error of the model. In order to evaluate the performance of the model in 
prediction, the prediction set should cover the whole population as in real 
measurement. 
Mean squared error (MSE) is one of the most common indictors for evaluating the 
performance of the model, as 
MSE = E(y-yf. — (eq. 2.18) 
If the prediction data set is prepared for validation, it is called external validation. 
The MSE obtained by this approach is called mean squared error of prediction, 
MSER MSEP is found by simply computing the average squared difference between 
actual and predicted concentration value of sample. 
The analyte residual for I objects is defined as: 
一夕u，.",>^" 一夕//) ^ y j - y j — (eq. 2.19) 
Then, MSEP = F' (f；?^ .) 二 ij^ f / — (eq. 2.20) 
i=\ 
In the research, root mean square error of prediction (RMSEP) is used to scale down 
the unit of MSEP to mg/dL. 
—I 7 
/ J y p red yobs ^ 
RMSEP = — (eq. 2.21) 
2.3.3.3 PLS segmentation analysis 
Spectral information, especially NIR spectrum, does not contain the interested 
information in all the independent variables, wavelengths. Therefore, the model is 
constructed with many unrelated variable that will only reduce the reliability of the 
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model. This can be measured by RMSEP as mentioned in the previous session. The 
model is constructed with a set of data, calibration data, and then the RMSEP is 
found by comparing the predicted value of a set of new data, validation data, with the 
expected value. In order to minimize the unrelated variables involved in the model, 
PLS segmentation analysis has been proposed. 
PLS segmentation analysis method extracts a segment of data from the spectral for 
establishing the model and performing prediction. The size of the segment is defined 
by a window with the width of w. The window scans through the spectrum from the 
beginning of the spectrum as shown in Fig. 2.7a. The chose segment is applied to all 
the calibration data for establishing the model and all the validation data for 
prediction. For each segment, one RMSEP value is calculated. When the window 
scans through from the beginning of the spectrum to the end of the spectrum, a plot 
of RMSEP graph is obtained, as shown in Fig. 2.7b. In the research, the increment of 
the segment position is one data point or 1 nm. Therefore, the x-axis of the RMSEP 
plot represents the window number. The exact region of the segment of a specific 
RMSEP value found from the plot can be calculated with the known window number 
and the size of window. 
RMSEP of raw^ata^al^ore w win-size of:150pt. 
^ 220 I , 
A [ 1 
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� I 190 [ 
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W 1 7 � ^ _ _ ^  
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(a) (b) 
Fig. 2.7: (a) Scanning the spectral data with window size of w; (b) RMSEP plot 
The range of the region of a specific RMSEP, pointed by the arrow in Fig. 2.7b, can 
be calculated as following example: 
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Total number of variable: 1600 (because it is ranges from 833 nm to 1600 nm with -0 .5 nm step) 
Starting position of the window: the 250th point 
Window size: 150 points 
Spectrum wavelength: 833 to 1600 nm 
The range of the region is: 
833 + 250 ((1600-833)/1600) to 833 + (250+150) ((1600-833)71600) 
=953 to 1024.75 nm 
The value of RMSEP of the plot reflects the reliability of the model contributed by 
the segment of data. The smaller value of RMSEP indicates that the segment of data 
well represents the interesting information, say for example concentration. 
2.4 Session discussion and conclusion 
Data analysis is a data-treatment process in the sense of extracting all the meaningful 
information from the pool of data to represent those correlated and meaningful 
parameters. There are many different data analysis methods with their own 
advantages and it is very important to understand the characteristic of data wanted to 
be analyzed. For NIR spectral data, simple linear regression does not give a very 
good calibration model because it only regresses absorbance of one wavelength to 
concentration. It works only when the measurement is extremely accurate and the 
noise of the measuring environment is extremely low. However, it is not practical in 
the real situation. Referring to equation 2.9，MLR tries to minimize the error by 
regressing more than one variable as a whole. Therefore, noise may compensate by 
each other. Geometrically, the data are mapped into new domains with intermediary 
coefficients such that the correlation between the spectral data and measurement 
parameter is enriched. In the research, simple linear regression is used to analysis the 
simple SPR spectral data because SPR spectral data provides the information which 
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correlated the wavelength shift (one variable only) with concentration. 
In NIR spectrum analysis, MLR method is used for qualitative analysis in the earlier 
years. According to the absorption phenomenon, the concentration is linearly related 
to the absorbance, known as Lambert-Beer law. The absorbance is found to be 
wavelength-dependent. Therefore, NIR spectral data consists of many independent 
variables for MLR to extract useful information as much as possible. However, the 
spectrum does contain many variables including those with few or only a few 
relationships with the concentration. Therefore, collinear problem occurs in MLR. 
Lately, data decomposition methods like PCA and eigen-pair analysis try to solve 
such problem. Lastly, BLM methods introduced decompose the data with reference 
to information from both spectral domain and the chemical domain. 
In spectrum analysis, especially NIR spectrum, more information other than 
concentration of one sample may exist in the spectral data. For example, the 
concentration of second constituent or temperature during measurement can be 
embedded in the spectral data. Therefore, BLM tries to decompose the spectral data 
for each related parameter. At the same time, the interested parameters are used to 
regress on the spectral data, too. Such interactive regression can make the measuring 
parameters much "closer" to the spectral data. On the other hand, the regression with 
both X-data and Y-data can eliminate the collinearity existing in between X-data and 
Y-data but not only in X-data. Therefore, the model will become more robust. 
Those experimental results with different experiments will be analyzed with PLSR 
method for establishing a model for prediction and testing the goodness of the 
measuring system. The RMSEP plot introduced will be used to interpret the 
measured data in a wider perspective, which will be applied in the following two 
chapters. 
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Chapter 3: Surface Plasmon Resonance (SPR) Experiment 
for Glucose Estimation 
3.1 Introduction 
Surface plasmon resonance (SPR) is a physical phenomenon based on optical method. 
It is now widely used as a bio-sensor or chemical sensor for real time molecules 
interaction monitoring. In the research, SPR is adopted to measure the concentration 
of glucose solution in low concentration range, 0 mg/dL to 600 mg/dL, which is the 
physiological range of blood glucose in human body. According to the published 
papers, Z. Wang and his group is the first to measure glucose solution using SPR 
approach with the glucose solution concentration from 180 mg/dL to 3600 mg/dL 
and a step of 200 mg/dL in 2001 [15]. In 2002, A. Ymeti also measures the glucose 
solution with SPR approach with the concentration ranging from 700 mg/dL to 2100 
mg/dL and with a 700 md/gL step [16]. The aim of these researches is to evaluate the 
capability of SPR in low concentration measurement. The resolution of the 
measurement system has been improved by shifting the initial resonance wavelength 
from � 9 3 0 nm to �1120 nm with Silicon photon-detector and Germanium 
photon-detector, respectively. The ultimate goal of the research is to design a 
portable device which can measure the concentration of glucose in the scale smaller 
than 10 mg/dL semi-invasively. 
Conventional linear regression calibration and multivariate data regression have been 
employed to extract concentration information from SPR data. The calibration model 
is established by 5 sets of data, and it is then verified by 4 sets of data. The 
verification can be used to evaluate the reliability of the setup in terms of prediction 
ability. 
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In the chapter, the theory of SPR will be presented in order to understand its working 
principle and the limitation. Different configurations of SPR measurement platform 
will be introduced. Finally, the experimental result will be presented with different 
data analysis methods. 
3.2 Theory 
SPR is a physical phenomenon of energy transfer between electromagnetic (EM) 
wave and surface plamon. The effect occurs only when a certain optical 
confinements are satisfied. The best way to illustrate the conditions is to use 
Maxwell's equation which tries to describe the optical properties of propagating EM 
wave. Besides, basic concept of polarization and total internal reflection are very 
important in SPR. 
3.2.1 Maxwell's equations 
By name, Surface Plasmon Resonance, “surface，，refers to the phenomenon occurring 
at the surface; "plasmon" refers to the movement of the free electrons; and 
"resonance" indicates that the effect occurs during resonance situation. It is the 
physical phenomenon of light incident onto a grating. Therefore, it can be described 
by Maxwell's equation. Before going deep into the theory of SPR, physical 
properties and mathematics of electromagnetic wave should be introduced first. 
Everything begins with Maxwell's equations in static situation [17, 18]: 
V D = y O , — (eq. 3.1) 
= …(eq.3.2) 
VXE = - ® 
也, - ( e q . 3.3) 
V x H = J + ¥ 
and 永， —(eq. 3.4) 
where V D is the divergence of vector D; VxE is the curl of vector E; D is the 30 
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electric flux density (Cm'^); B is magnetic flux density (Tesla = NA'^m'^); E is 
electric field (Vm.i); H is magnetic field (Am]); J is electric current density and p is 
electric charge density. 
D and B is defined as [17，18]: 
D = — (eq. 3.5) 
and B = ////qH， — (eq. 3.6) 
where 8 is the dielectric constant and 8o is electric permittivity of free space (8.8541 
12 1 1 
X 10' CV m' ); |i is magnetic permeability and [Iq is magnetic permeability of free 
space (4兀 x 10'^ NA"^). 
According to Ohm's law, R = V/I = p(L/A), in which a is conductivity defined as: 
a = 1/p. — (eq. 3.7) 
E 
Therefore, J = t jE = —. — (eq. 3.8) 
P 
Wave equations are used to describe the 
！ / Ep 
physical properties of EM-wave in a \ / 
/ 
coordination system. The x, y and z V yA 
…磁」 • x 
direction of the coordination system will p \ ^ 
‘ L X 
follow the definition in Fig. 3.1. \ z 
Ep and Es are the base vectors of electric 
field normal to the direction of wave Fig- 3.1: Vector representation of 
EM-wave. 
propagation. 6 is the incident angle of the 
wave to x-y plane, k is the wave-vector in the direction of wave propagation where 
its magnitude is in the complex form. The wave-vector can be expressed in terms of 
complex optical index, k = = . --- (eq. 3.9) 
X c 
Complex optical index, n = n + ih, is used to describe the optical properties of the 
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material. The real part of the optical index corresponds to phase changes, while the 
imaginary part of the optical index corresponds to absorbance. 
3.2.2 Polarization of EM wave 
Before going on, the nature of EM wave should be introduced first. In general, the 
magnetic field and electric field EM oscillate perpendicular to each other. Besides, 
they themselves oscillate in different directions but all are perpendicular to the 
direction of propagation. By referring to the plane of electric field only, they can be 
simplified into two perpendicular directions, as in Fig. 3.2. The two directions have 
many different terms. Here we just use S-polarized wave and p-polarized wave. 
S-polarized wave is parallel to the incident plane while p-polarized wave is 
perpendicular to the incident plane, as illustrated in Fig. 3.3. When the EM wave 
incident onto a conducting plane, the S-polarized electric field will oscillate parallel 
to the incident plane. The free electronics mobilizes along the oscillation direction of 
the S-polarized electric field. Those electronics does not take any effect and no 
energy loss ideally (for perfect conductor). In the case of p-polarized wave incident 
onto a conducting plane, it will oscillate normal to the conducting plane. Therefore, 
the free electrons on the conducting plane try to oscillate along with the electric force. 
Once the amount of energy is enough for oscillate coherently, electrons may be able 
to escape from the "Fermi" energy level of the electrons of the atom. It is what the 
free electrons happens when different polarized waves launch onto conducting 
material. 
Electric field ^ p-polarized s-polarized 
vector ^ ^ ^ ^ A E aB 
Q 普……j—^  ^ ^B ^ — — • E 
un-polarized 
liaVit , , • transverse magnetic transverse electric 
iigm vertical polarizer 
32 
Chapter 3: Surface P las man Resonance (SPR) Experiment for Glucose Estimation 
Fig. 3.2: Illustration of p-polarized light and s-polarized light. 
p-polarized  
7 
/ s-polanzed 小 ^ / 
Fig. 3.3: Illustration of EM-wave incident on a plane. 
It is useful to represent the EM-wave into vectors when discussing the SPR effect, 
therefore, electric field and magnetic field will be expressed in plane wave form as 
following [17]: 
E = E / ( k r-狄）=Eo (cos(k . r _ 狄 ) - / s i n (k . r —狄》， —(eq. 3.10) 
and 愤）= i ^ ( c o s ( k . r -狄 ) — / s i n ( k . r -欣))， - ( e q . 3.11) 
CO CO ^ '' 
wheie r is the x, y and z component of electric field; co is the frequency of the 
EM-wave in radian (co=27rf) and t is the propagation time. 
Maxwell's equations itself cannot give much information. Therefore, boundary 
condition should be introduced in order to view the full picture of the problem. In 
order to establish the boundary condition for Maxwell's equation, it is better to look 
at the problem we would like to handle in SPR experiment. 
3.2.3 Boundary condition 
SPR takes place in the three layer structure, prism-metal-dielectric structure. It is 
better to simplify the situation into a two layer structure as Fig. 3.4. 
The boundary condition can be divided into two categories [17，18], i.e. magnetic 
and electric properties along the normal of the interface for one case; and magnetic 
and electric properties along the tangent of the interface for another case. 
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y 
个 Sr 
Hi (Xq，y�+ dy) ^ _ 一 (Xo+dx, y �+ dy) 
T ti medium 1 
，,5h medium 2 — ^ • 
(Xq, Yq) t2 (Xo+dx, Yq)  
h ： • X 
Fig. 3.4: Magnetic flux and electric flux between two media. 
According to Gauss law, two conditions can be concluded along the normal 
direction. 
First consider the electric flux normal to the interface [17, 18]: 
' V D J r = f(D-11)^8, 
•V JS 
JV 
Therefore, n [Dj - D j ] = 収IS = --- (condition 1) 
Considering the magnetic flux normal to the interface: 
• V fB(iS；，because V B 二0. 
. J S 
Therefore, n . [Dj - D: ] = 0. --- (condition 2) 
According to Strokes theorem, another two conditions can be concluded along the 
tangent of the interface. 
‘(E-t)Jr=丨（VxE)JS = bJS 
Jc JS JS 3 广 
Sr[E^. t! + E2. t2 ] 二 - . b SrSh 0, 
ot 
because t = ti = -t!， 
t . [E i -E2]二0 . — (condition 3) 
r r r 3D ( H - t ) J r = [ (VxH)JS= + 感 ， Jc JS JS 3 广 
Sr[H,. ti + H2 • t2 ] = (J + • b SrSh ->J b SrSh , 
ot 
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t . [Hi - H2 ] = J广 —(condition 4) 
Now, four boundary conditions describing the condition in the interface between two 
layers have been concluded. Based on the case as illustrated in Fig. 3.5，the boundary 
conditions can deduce the famous law, Snell's law, and several equations for 
describing p-polarized wave and s-polarized wave. 
medium 1 
^ • x medium 2 
Fig. 3.5: EM-wave before and after incident on the interface of two media. 
Snell's law: ni sin0 = n2 sin0R 
Equations for p-waves: 
(Ep-Rp 一二 TpCOS0T …(eq.3.12) 
1 ^ p p ^ I p A � * ri 
V^iSmP …（eq.3.13) 
i ( E p + R � = ^ T p + CjUoll (k sin 0,劝] 
A — (eq. 3.14) 
Equations for s-waves: 
E -[-R =T , ， i c � ^ ^ ^ --- (eq. 3.15) 
从 "2 — (eq. 3.16) 
In order to simplify the study, the two media are assumed to be non-absorption 
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materials. Such that: 
a^^iksin0,co) = O, = and 
[人(k sin e, co)\ = [J^ (k sin 0,0))l = 0. 
Then we have 
� E p - R p 一 = TpCOseT, …（eq.3.17) 
n巩十 Rp) = n j p ’ …(eq.3.18) 
Es 化=T\ — (eq.3.19) 
and = …(eq. 3.20) 
Now, define the reflection coefficient r and transmission coefficient for s-wave and 
p-wave as following: 
, = 么 - 氏 t - Ts 
广 F F ‘ = 7 ‘ = 7 
p p 义 化 . --.-(eq. 3.21) 
From (eq. 3.16) and (eq. 3.17) 
(1 - rp)cos没= 没r， —（eq. 3,22) 
and "i(l + � = " 2 \ - (eq. 3.23) 
Obviously, a set of equation can be obtained. They are called Fresnel equations [17, 
18]. 
-n^ cos 6j + n^  cos 0 _ cos 0 y — — t — 
P n^ cos 6j + n^ cos 6 " cos Oj + n^ cos 9 ___ (已 ^ 3 24 & 3 25) 
n^ cos 9-n^ cos 9j _ 2t\ COS 0 
“ " " “ - - t s “ 
^ /ij cos 没 + COS 6j cos O + n^  cos 6j ___ ( � ^ 3 26 & 3 27) 
The reflectance R is defined as the ratio of the reflected power to the incident power 
of the light, 
E . — (eq. 3.28) 
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The transmittance T is defined as the ratio of transmitted power to the incident power 
of the light 
J cos 6j _ n^  cos 6丁 2 
一 炉 c o s f (eq. 3.29) 
Fresnel equations are the core equations that used to describe the SPR effect. The 
above equations are deduced in simplified system without absorption in the media. In 
another word, the imaginary part of complex optical index is zero for non-absorption 
situation. 
3.2.4 Total internal reflection 
Two interested physical phenomena occurred during SPR can be described by using 
Fresnel equations. They are total internal reflection (TIR) and phase shift of the TIR 
wave. TIR is a physical phenomenon when the electromagnetic (EM) wave 
propagates from a higher density material to a lower density material. The higher the 
density of the material, the higher the refractive index (RI) is. TIR occurs when the 
incident angle at the interface of two materials on the side of higher density material 
is larger than or equal to a critical angle, 9c. 
By Snell's law, 9c = sin'Vn2/ni), where 112 < ni. 
When 9 >0c, cos 6j - = i^sin^ 9j-\ = i永n^ /n^f s in�0 -1 
i : T = T / _ ( k T r -印） 
一 r p ( k j sin Oj-x+kj cos O^z-cOj-t) 
—T 一 (ki sin ^ 'yJc-^O^-^r 丨"2 f sin^ O-lz 
in2C0?,m djX -n20)yj(n]^ sin^ 0-1 
二 T o ^ ^ c e 却 e c ^ — (eq. 3.30) 
Under TIR condition, the reflected beam does not lose any net energy across the 
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interface; indeed, it leaks an electrical field intensity, called evanescent field wave, 
which is the decay function in the z-direction of the transmitted wave 
-n2Ci)yj(n^ In: f sin^  0-\ 
e . The penetration depth of the evanescent field depends on the 
wavelength of the light, the optical index and vicinity medium, which can be 
p 1 2 * 2 2 
estimated by sm 0-n , should be noticed that the frequency of the 
evanescent wave is the same as the frequency of incident wave. 
3.2.5 Phase shift of total internal reflection wave 
Another physical phenomenon occurs during TIR is the phase shift of the TIR wave. 
The phase can be calculated from the reflection coefficient as following [18]: 
n^ c o s 0 - n . cos6丁 a-ih a^ -b^ -2iab -is , 
r -— - = 二 = e "， --- (eq. 3.31) 
c o s + cos 6j a + ib a +b 
where a = n2 cos 9 and b = / n^f' sin^ 9-\. 
2以办 
Therefore, = — . --- (eq. 3.32) 
CL —b 
_ n^ cos0-n^ cos6j _c-id -d^ -lied _ 式 
— — — 2 2 ~ ^  � —（eq. 3.33) 
T\ COS6 + n^ cos6j c + id c +d 
where c = i\ cos 9 and d 二 a / ( 〜 / " 2 ” sin^ 0-1 . 
2cd 
Therefore, tan(《）=— ^ . --- (eq. 3.34) 
c —d 
3.2.6 Kretschmann prism configuration 
In the history of SPR sensor development, Kretschmann prism configuration is the 
most widely used and traditional optical arrangement for exciting SPR effect. The 
configuration composes of a metal-coated prism with interested sample attached on 
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the surface of the metal. It is a very useful configuration because it can be designed 
for gas, liquid and solid measurement. 
息 
Surface Plasmon Wave X X gold film 
sample 
Fig. 3.6: Kretschmann prism configuration. 
In Kretschmann prism configuration, the thin metal film is surrounded by dielectric 
materials on both sides. The prism here acts as a waveguide while the other dielectric 
material is the sample of interest. The p-polarized evanescent field leak into the metal 
layer coated on the surface of the prism, and excites an external electric field which 
is normal to the incident plane. Therefore, the excited electromagnetic wave 
propagates within the metal surface at the interface with the sample solution. These 
are called surface plasmons, and it is the sensing medium in Kretschmann prism 
configuration. 
Although this is a three layer construction, the boundary condition is similar to that 
of two layer construction as before. It is because the analysis can be broken down 
into two two-layer problems. The only important difference is that the metal layer is 
no longer a non-absorbing material. Therefore, a decay function,严洲，exists to 
describe the decay properties due to the metal, where dm is the thickness of the metal 
layer. 
As the deduction is the same as the two-layer situation, the reflectance coefficient of 
the system used to describe the three-layer model is [18]: 
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厂pr m+'m广：‘“丨 
厂 = ； " ， --- (eq. 3.35) 
where, rpr m_s is the reflectance coefficient of the three layers model, ipr m is the 
reflectance coefficient of two layers model of prism and metal, and r^ s is the 
reflectance coefficient of two layers model of metal and sample. 
As the surface plasmons interact with sample solution, the reflectance will be 
influenced by the changes from the optical properties of the surrounding dielectric 
materials. Therefore, the surface plasmons is affected by the optical property changes 
of the sample attached with the metal film. The optical property is described by 
dielectric permittivity of the material, and permittivity is a dimensionless quantity 
related to the refractive index of the material. Once the dielectric permittivity 
changes, it alters the coupling efficiency of the incident wave into plasmon wave. It 
can be illustrated by setting the boundary condition on the interface with 
wave-vectors. When incident wave is coupJecl into the surface plasmons, the 
wave vector of the incident light, kx, paralleled to the metal surface must equal to the 
v/avevector of the surface plasmons, ksp. [20, 21], as 
“ 广 \ 
K = p^r - s i n = ^ - s i n 6 and k = - ---(eq. 3.36 & 3.37) 
c 口 C “ \em-\-Sa y c J 
f ~ - — \ 
and — J ^ sin a' = Re —. — • --- (eq. 3.38) 
C � P “ C \ £ m + £ a 
V J 
According to Drude formula [22], the dielectric is related to resonance frequency: 
二⑶ = ‘ + / 厂 ,厂 l - ^ ^ l ^ ， …（eq.3.39) 
where iipr is the refractive index of prism, 6pr is the incident angle on surface of 
medium, £m is the dielectric constant of metal, 8a is the dielectric constant of the 
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sample, is the collision wavelength, and Xp is the plasma wavelength. 
For an example, 50 nm gold film used in the experiment gives Xp= 1.6826x10"^m 
while 8.9342x10"V [22]. 
The alteration can be observed by incident angle at the prism-metal-dielectric 
interface in the Kretschmann prism configuration as shown in Fig. 3.6. If the angle of 
the incident wave is scanned throughout a range of values, a minimum reflectance 
should be observed at a particular angle. The minimum reflectance indicates that the 
coupling efficiency is at its maximum. The alteration of different optical parameters 
in different SPR configurations can be observed by different parameter. 
3,2.7 Conditions affecting SPR 
The three layer configuration SPR sensing unit is the standard and common use 
arrangement. However, the performance of the SPR effect varies from unit to unit. It 
is because the sensing scale is in nano-scale, which is very sensitive to the changes in 
the environment. For the sensing unit itself, different materials, the thickness and the 
roughness of the metal film greatly affect the performance of SPR, which will be 
introduced individually as follows. 
The metal film 
The metals suitable for generating SPR at the interference between prism and the 
dielectric sample in the visible and NIR region are aluminum, silver and gold. The 
shape of SPR curve depends on the dielectric properties of the materials. Silver gives 
the sharpest dip in reflected light intensity compared to other two; while aluminum 
gives the broadest shape. The choice of the material is greatly dependent on the 
application of the sensing. In the research, the sample is glucose in aqueous solution. 
Both silver and gold are suitable for giving a sharper shape for a higher resolution 
differentiation. Gold is chosen in the research finally because it has a high chemical 
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resistance and is not easily oxidized. The SPR effect of using silver and gold has 
been simulated by Matlab, as shown in Fig. 3.7. 
The effect of Silver and Gold film to SPR effect 
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Fig. 3.7: The SPR effect of the silver versus gold as the metal thin film. 
Film thickness 
Due to the absorption nature of the metal layer, the evanescent wave decays aJong 
the depth of the film�Therefore, the metal film should be thin enough such that 
sufficient electromagnetic energy from the evanescent wave generated at the 
prism-metal interface can be extended to the metal-dielectric interface for surface 
plasmons excitation. The most optimum thickness gives the minimum reflectance at 
the dip compared with the thickness either larger or smaller than the optimum one. 
When other parameters are kept constant but the thickness of the metal film, there is 
insufficient electromagnetic energy to excite the surface plasmons once the thickness 
is larger than the optimum one. When the thickness is smaller than the optimum one, 
then a stronger electromagnetic wave occurs in the metal-dielectric interface and the 
surface plasmons take place. Because the energy of evanescent light is more than 
enough, the overwhelm energy of surface plasmons will undergo radiation damping 
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phenomenon. Radiation damping is the transformation of surface plasmons into light. 
Therefore, radiation occurs at this situation and increases the reflectance intensity. 
According to many literatures [20, 23, 24], the thickness for best sensing 
performance is about 50 nm for gold. A simulation of the SPR effect with different 
thickness has been performed as shown in Fig. 3.8. Therefore, 50 nm thick gold film 
is also used in the research. The gold film is prepared by "DC sputtering". The 
environment conditions, pressure of Argon gas, etc, of the machine vary from time to 
time, so it is very difficult to get the exact 50 nm gold film. The simplest method to 
measure if the thickness is around 50 nm is to observe whether the reflectance nearly 
equals to zero when SPR effect occurs by using a 632.8 nm He-Ne laser as the light 
source. 
The effect of different thickness of metal film to SPR effect 
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Fig. 3.8: The effect of different thickness of metal film to SPR effect. 
Film roughness 
Although the film thickness does affect the shape of the SPR profile, it can still be 
used as a sensor with lower resolution or sensitivity. Usually, the sensing area is not a 
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small point but an area. In our research the sensing area is about 5mm^. The 
roughness of the film will distort the SPR profile. It can be simply thought that the 
film with many different thickness at different positions in the sensing area. The 
whole SPR profile will be the summation of all the different SPR profiles at different 
positions. The roughness of the film can be justified by measuring the SPR profile. 
3.3 Different SPR configurations systems 
Surface plasmon resonance, as described above, is a physical phenomenon when all 
the required situations are all satisfied. According to the equations describing the 
conditions, there are several optical parameters, which can be inter-related to each 
other. Therefore, different optical arrangements of the system can fix some 
parameters as a constant and let some others as variable parameters for monitoring 
the SPR effect. Following will introduce four simple configurations based on the 
Kretschmann's prism arrangement. 
3.3.1 Principle of angular-based interrogation SPR setup: 
Angular-based interrogation SPR setup is one of the most straight forward and 
simple setups. Recalling to the reflectance coefficient of p-wave, 
r - � �s e__^ COS 6j，the reflectance R, the square of rp, is affected directly by the 
cos O^n^ cos 6j 
incident angle when the optical indexes of the materials and the wavelength of 
incident wave are kept constant. This can be illustrated by Fig. 3.9. 
暴歡.塵tt. 
i • k \ 0 ‘ z ^ ^ X V 
(a) (b) 
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Fig. 3.9: Angular-based interrogation SPR setup with different incident angle. 
3.3.2 Principle of intensity-based interrogation SPR setup: 
This is another most straight forward and simple setup by measuring the reflectance 
at a fixed angle and wavelength of incident wave. The principle is similar to 
angular-based setup except that it chooses a fixed incident angle. By referring to Fig. 
3.10，the intensity will change along with the shift of the SPR profile. Therefore, the 
intensity of the reflectance indicates the refractive index of the sample. However, the 
dynamic range for detection is narrow as the linear region for detection is relatively 
narrow. Intensity-based setup raises a problem that the single point measurement 




Fig. 3.10: The intensity changes due to SPR effect illustrated by two different 
samples with two different refractive index, ni and n2. 
3.3.3 Principle of wavelength-based interrogation SPR setup: 
Wavelength-based interrogation SPR setup is also very simple comparative to other 
configuration like phase-based interrogation SPR setup as illustrated in Fig. 3.11. 
The setup employs a broadband white light (halogen lamp) as the light source. 
Monochromator or optical filters are used to decompose the broadband light into 
narrow band light source for spectrum measurement. The spectrum can be obtained 
by using either a photodiode or a photodiode array to measure the reflectance of each 
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wavelength one by one. 
During the measurement, the angle between incidence wave and the dielectric 
sample remain constant. Besides, it is known that the requirement for SPR effect can 
2 � I ~ ~~~ � 
be described by — J ^ ^ s i n O =Re J f " " ^ ! — . Once the incident angle is 
儿、 I^V^m+^a VCJJ 
fixed, the only parameter can be used to indicate the SPR effect is the wavelength of 
incident wave. Therefore, when the sample property as the dielectric constant 
changes, £a，the corresponding resonant wavelength will change. 
The range of resonance wavelengths for measurement can be determined by the 
incident angle of the light source. Literature reports [22, 16] show that the higher the 
resonance wavelength will give higher sensitivity of the detection setup. Therefore, it 
is better to choose the range in longer wavelength. 
Recalling Drude formula, the dielectric of the metal film is wavelength dependent. It 
may affect the spectrum measured as the dielectric of the metal is different from one 
wavelength to another wavelength. The value of Xpand for gold film are 1.6826 x 
10-7 m and 8.9342 x 10'^  m, respectively [22]. The dielectric difference is 0.0610 + 
0.5972i for the range of incident wavelength from 880 nm to 980 n m � T h e change 
throughout the scanning range is about 10-20%. Therefore, the change of the 
resonance wavelength with respect to the refractive index alteration is not linear in 
wavelength-based interrogation SPR setup. 
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Fig. 3.11: Wavelength-based interrogation SPR setup. 
Once the angle is set, broadband light passes through lens for light collimation. The 
coilimated light passed through the pin hole with the size similar to the size of 
sample chamber where the SPR effect takes place. The reflected light is then passed 
the p-polarizer in order to increase the SNR as the s-polarizer does not take any 
effect during the process. Finally, the reflectance of the reflected light passes the 
monochromator which allows the particular wavelength to pass through. The 
reflectance spectrum is then recorded by the computer controlled system which 
implements the wavelength selection and reflectance measurement. 
3.3.4 Phase-based interrogation SPR setup: 
Phase-based interrogation SPR setup is more complex compared to those introduced 
before, but its sensitivity is the highest among them. Referring to the section of 
"phase shift in total internal reflected wave", the phase of the p-polarized reflected 
light shifts after reflected under TIR. In order to let the phase change depends on the 
change of sample of interest, the angle and the wavelength of incident wave are kept 
constant. To observe the alteration in phase, it can be illustrated by interference 
between the reflected wave and the original wave. One of the best well-known 
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interferometer setup is called “Michelson Interferometer". 
3.3.4.1 Michelson Interferometer 
Interference 
i < 
A A Y7A \ 0 
i Laser ~ ~ < > Mirror 1 




Fig. 3.12: Michelson interferometer. 
The laser usually adopted in this setup gives a very stable light beam with constant 
wavelength. Laser passed a beam-splitter for splitting into two perpendicular beams. 
The two split beams will bounce back by mirrors. They will merge together at the 
beam-splitter again and form an interference pattern by superimposition. 
< Constructive interference 
/ y y _ Destructive interference 
X < Constructive interference 
/ � \ i Destructive interference 
(a) (b) 
Fig. 3.13: Interference due to path difference of two light rays. 
The interference can be either constructive interference or destructive interference 
depending on the path difference between two light paths as illustrated in Fig. 
3.13(b). It is a very common interference pattern generated by two light spots of the 
same light source. Constructive interference occurs when d = mX while destructive 
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interference occurs when d = (2*m-l)；^, where mis [0, 1, 2, ...]. Therefore, when the 
phase is shifted in either of the light paths, the actual path difference will be changed. 
In turns, the interference pattern will be altered. Observing the changes in 
interference pattern is the key in phase-based interrogation SPR setup. 
3.3.4.2 The phase-based setup 
^ ^ I r a - r A ^ z ^ r : : : 
-〜幽麵_ 
(a) (b) 
Fig. 3.14: (a) Schematic of phase-based interrogation SPR setup and (b) Real setup 
of phase-based interrogation SPR setup. 
In order to compare the changes of phase, a reference beam should be employed in 
the experiment setup. Because only p-polarized light undergoes SPR effect, 
s-polarized light can be used as a reference beam for interferometry. Therefore, the 
laser is rotated at a certain angle so that around 50% s-polarized and 50% p-polarized 
light beam are emitted. The beam is then split by a polarizing cube beam-splitter 
which allows the p-polarized light to pass forward while s-polarized light bends 90 
degree with respect to p-polarized light. The p-polarized light is then incident onto 
the gold-coated prism for SPR measurement. The reflected light converged with the 
s-polarized light at beam-splitter by a mirror. Before converging, the reflected 
p-polarized light passes a X/2 wave-plate to convert to s-polarized light for 
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interference with the reference s-polarized beam. 
^ ^ ^ ^ ^ ^ ^ ^ ~ ~ - Phase difference 
1 
L ‘ J 
Fig. 3.15: Two interference patterns formed by Michelson interference. Left channel 
is water and the Right channel is glucose solution. 
The combined-beam contains two individual interference patterns as shown in Fig. 
3.15. The individual interference patterns exist because the sample chamber contains 
two compartments; one filled with water throughout all the experiment as a reference 
while the other filled with interested sample. As a result, two interference patterns are 
formed. The phase shift with the reference of water is dependent on the refractive 
index of the sample because the optical path distance in different refractive index 
media will be different. So, the changes of refractive index can be measured by the 
phase shift of different sample with the same reference. 
The phase shift can be found as labeled in Fig. 3.15, the phase shift can be calculated 
from the distance between the fringes of the two interference patterns. As seen in the 
figure, the width of the fringe is quite broad which makes it difficult to measure the 
small changes of distance between fringes. Therefore, in the research, the mirror used 
to reflect the p-polarized beam to combine with s-polarized reference beam is 
moving forward and backward by a piezoelectric actuator. The moving mirror 
changes the path distance of the p-polarized beam. As a result, the interference 
pattern will move forward and backward. In another word, the light at either position 
of the interference pattern will undergo constructive and destructive interference 
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alternatively with respect to the optical distance changes. A detector is placed in the 
interference pattern to record the changes of the interference pattern. A sinusoidal 
plot can be measured by the detector if the actuator is driven by a triangular wave. 
Two detectors are used to monitor the pattern of the two interference pattern. The 
difference between the peaks or troughs of the two sinusoidal signals divided by the 
period of the sinusoidal gives the phase shift between the two sinusoidal signals. 
3.3.5 Comparison and discussion of the different configurations 
According to the literature by S.G Nelson, K.S. Johnston and S.S. Yee, the 
comparison between angular-, wavelength- and phase-based interrogation setups 
have been conducted. The report compares the resolution of different SPR 
configuration. For angular- and phase-based setups, the local slope changes can be 
found by dividing the refractive index (RI) alteration by corresponding incident angle 
alteration and phase difference, respectively. For wavelength-based setup, the slope 
is found by dividing the refractive index alteration by corresponding shift of resonant 
wavelength. In order to make the data comparable, the slope is multiplied by the 
resolution of the measuring instrument, which was obtained from published results 
20]. Table 3.1，summarized the comparison result. 
Technique slope instrument resolution Calculated RI resolution 
Angle-based 1.5 x 10'^  RI/° 1 x 10'^ ° 1.5 x 10'^  
Wavelength-based 1.8 x 10'^  Rl/nm 0.01 nm 1.8x10-6 — 
Phase-based 2.0 x 10"^  RI/° 2.5 x 10'^ ° 0.5 x 10"^  
Table 3.1: Comparison between three different SPR configurations. 
Although the group of researchers have given a very comprehensive study on 
different configurations, it is not enough to decide which technique should be 
employed based on the resolution criteria only. Besides, the optical parts and 
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arrangement of the same technique give different resolution and sensitivity, too. 
Therefore, it is more important to study the application before deciding which 
technique to be used. The criteria and considerations for choosing proper technique 
will be discussed based on the experience during the research study. 
Application confinement 
As studied before, the crucial criteria for SPR sensing is to establish an environment 
which can excite the surface plasmons for sensing. In another word, the setup should 
satisfy the resonant conditions as studied before. The following table listed the 
parameters which can determine the resonant conditions. 
light source waveguide section thin film section sample section 
Halogen lamp Dielectric of the Dielectric of the thin Dielectric of the target 
Frequency band waveguide and materials film sample  
wavelength incident angle thickness  
Table 3.2: Parameters affecting SPR conditions. 
There are more than one ways to justify the criteria as different combinations of the 
parameter can raise the SPR effect. In the research, the scale and the method are not 
the crucial one, the most important factor is the stability and sensitivity. First, it is 
important to figure out the dielectric range of the target samples. Then, the dielectric 
range of waveguide and thin film were evaluated to see if they can satisfy the 
resonant condition as in equations 3.35 & 3.36. Usually, it is not flexible to adjust the 
thickness of the thin film but the material. Then, a list of materials should be suitable 
for the setup. It will also limit the frequency of the light source. Among the 
consideration factors, the range of dielectric of the sample is the most crucial factor 
for consideration in terms of the dynamic range of the setup. 
Besides, the stability of the setup is another crucial consideration factor. According to 
the experience, although the phase-base interrogation setup can give the best 
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resolution and sensitivity, it is very sensitive to the environment interference. The 
signal deforms even when a clapping happens beside the setup. It is too sensitive to 
any vibration in the environment because the displacement of the actuator is in the 
order of nano-meter. Either optical part has any vibration in the order of nano-meter 
will destroy the signal. Therefore, it is only suitable for the application with small 
dynamic sensing range which does need extremely high resolution. 
Thirdly, the light source is usually limited by the application and the chosen 
technique. Usually, only the wavelength-base interrogation setup requires a 
broadband light source to locate the SPR effect by scanning through the wide range 
wavelength. Optical confinement for the light source is required in order to produce a 
parallel beam or collimate the beam to a suitable dimension. If the sensing area of the 
application is a crucial factor, usually, the technique with laser pointer or 
narrow-beam light-emitting-diode (LED) is the option. 
Lastly, another useful consideration is the reference control of the setup. Recalling 
that only p-polarized light undergoes SPR effect but not s-polarized light, therefore, 
s-polarized light can be used as a reference signal to compensate the environment 
noise. If noise is an important factor in the application, it is often encouraged to 
design and use the setup which can allow reference control. 
In order to design a delicate setup, there are many factors required to be considered. 
It is useful to classify the parameters in terms of their controllability. It is better to 
make those parameters that are difficult to control as constant value. It is because a 
controllable parameter can give more stable measurement. For example, the intensity 
and phase variation of LASER is much better than thermal light source. Therefore, 
LASER is used in phase-based interrogation setup. Anyhow, a stable system with 
high repeatability is much appreciate that a system with extremely high resolution 
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and sensitivity but not stable. 
3.4 SPR experiment adopts wavelength-based interrogation setup 
The research is aimed to measure the concentration of glucose in aqueous solution 
quantitatively to establish a prediction model for glucose concentration estimation. 
Data analysis will be worked on the measured data in order to establish a prediction 
model to estimate the concentration of newly measured glucose solution. Besides, 
SPR detection setup has been studied in order to investigate the capability of low 
concentration detection by modifying the wavelength-based interrogation SPR setup. 
3.4.1 The experiment setup 
The experimental setup is the same as iiienlioned before in Fig. 3.11 and 
implemented as in Fig. 3.16. A commercial halogen bulb (manufactured by Philips, 
Type 7748XHP) was employed as the broadband light source for exciting the surface 
plasmon wave. The spectrum of the halogen bulb with silicon detector is plotted in 
Fig. 3.17. 
• I V i 
Fig. 3.16: Implemented wavelength-based interrogation SPR setup 
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Fig. 3.17: Spectrum profile of halogen lamp used recorded by Si-detector. 
Referring to Fig. 3.11, the emitted light was collimated through sets of compound 
lenses and the size of the light beam was confined by an adjustable iris. The diameter 
of the beam is about 5mm, which is similar to the size of the sample sensing area. 
The coupling prism used is a 60° SF-18 prism coated with a layer of gold film with 
the thickness about 50nm by DC sputtering machine. The reflected light was 
polarized by a p-polarizer and then focused into the entrance slit of the 
monochromator with 1 nm resolution (Acton Research Corporation, SpectraPro-150). 
The reflectance of the decomposed-light was measured by a photo-detector. 
tff�.... . � 
Fig. 3.17: Monochromator manufactured by Acton Research Corporation, 
SpectraPro-150 
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Two different resonant wavelength regions have been tried for evaluating the 
performance by setting different incident angle of the source. The resonance 
wavelengths of water sample were initially set at 928 nm and 1120 nm for the two 
experiments, respectively. 
The wavelength spans from 880 - 980 nm for the first experiment while the second 
experiment spans the wavelength from 950 - 1250 nm. Because no single detector 
can cover the two ranges of wavelength, therefore two different detectors are used. 
Silicon photo-detector manufactured by Integrated Photomatrix, IPL10050, is used 
for the first experiment. Its detection region is from 350 nm to 1100 nm with the 
peak spectral response at 800 nm. The other experiment adopts Germanium 
photo-detector manufactured by Newport, 881IR. Its detection region is from 
800-1800 nm with the peak spectral response at 1500 nm. The detector was then 
connected to a current pre-amplifier (Standford Research, SR570). Each spectrum 
was recorded automatically by a programmed computer-controlled system. 
I‘麵書！ 
Fig. 3.17: Current pre-amplifier manufactured by Standford Research, SR570 
The sample solution being examined is confined by a Teflon made sample chamber 
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attached firmly on the surface of the gold-coated side of prism. The area of the 
sample chamber is about 5mm^ and the depth is about 0.3 mm mounted in the middle 
of the gold-coated surface to form a dielectric-metallic-prism media. The sample 
solution is injected from the inlet drilled at the bottom of the chamber while the 
sample solution is drained from the outlet drilled at the top of the chamber. The 
arrangement allows the chamber to be fully and easily filled with sample solution 
without air bubbles. 
u p 
p u s m * f l o w - o u t 
^ 一 flow-in 
d o w n 
Fig. 3.17: Flow chamber used in the experiment. 
During doing the experiment, the sample solutions were fed into the chamber one by 
one from low concentration to high concentration. After each measurement, the 
chamber was washed by injecting pure water before injecting another glucose sample. 
The glucose solutions were fed from low concentration to high concentration in order 
to reduce the accumulative error due to the higher concentration solution. 
As mention in the session of SPR theory, the effect is directly related to the refractive 
index of the sample. In another word, the SPR monitoring system is designed to 
monitor the alteration of refractive index of sample. Fortunately, according to 
literatures [25, 26], the RI of the glucose changes is proportional to the concentration 
with the conversion factor of 7.19x10^ (mg/dL)/RIU within the RI range from 
4.17x10-5 to 8.33X-4 RIU (i.e. in the range from 30 mg/dL-600 mg/dL). 
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3.4.1.1 Sample preparation 
Glucose solutions have been prepared by a weighting balance with 0.1 mg resolution 
(Advanturer™ Balance, AR2140). The glucose solutions were prepared by first 
weighting the amount of water. The corresponding amount of glucose power was 
then calculated and weighted. The glucose power was then mixed with the weighted 
water. The amount of glucose power can be calculated by: 
. L ‘ _ c i / � . , target concentration value(mg) weight of glucose(mg) = weight of water(g)x  
100(g) 
—(eq. 3.39) 
All the sample solutions were stirred for two minutes in order to ensure all the 
powder is dissolved in the water. Besides, the solution is stirred for half a minute 
before extracting out by syringe for injecting into the sample chamber, because those 
solutions were not used once they were prepared. Stirring ensures the glucose will 
not precipitate due to the larger molar mass than water. 
3.4.1.2 Experimental result using 928 nm and 1120 nm as initial resonant 
wavelength 
For the experiment using 928 nm as the initial resonant wavelength, ten glucose 
solutions of different concentration were prepared. Their concentrations are 0 mg/dL, 
30 mg/dL, 60 mg/dL, 90 mg/dL, 180 mg/dL, 270 mg/dL, 360 mg/dL, 450 mg/dL, 
540 mg/dL and 600 mg/dL. Nine sets of spectra have been recorded for evaluating 
the repeatability of the system and for establishing calibration model. Besides, the 
drift of the system has been measured to evaluate the stability of the system by 
scanning the same solution every five minutes within one hour. The temperature 
variation during the drift measurement was 22.4 士 0.10 °C. 
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Wavelength-based SPR reflectance spectrum oio c^"^'"^ measured from the system across 1 hour 
with 928 nm resonance wavelength 
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Fig. 3.18: (a) Selected SPR result using 928 nm as initial resonant wavelength; (b) 
Resonant wavelength drift for 1 hour (with mean drifting of 0.693). 
For the experiment of using 1120 nm as the initial resonant wavelength, seven 
glucose solutions of different concentration were prepared. They are 0 mg/dL, 40 
mg/dL, 60 mg/dL, 80 mg/dL, 100 mg/dL, 120 mg/dL and 140 mg/dL. Selected 
spectra and drift of the system are plotted in Fig. 3.19. The temperature variation 
during the drift measurement was 22.5 土 0.27 °C. 
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Fig. 3.19: (a) Selected SPR result using 1120 nm as initial resonant wavelength; (b) 
Resonant wavelength drift for 1 hour (with mean drifting of 1.8). 
Resolution comparison between “980 nm” setup and “1120 nm" setup 
The concentration used for the "1120 nm" setup is up to 140 mg/dL. It seems that it 
can only detect up to about 200 mg/dL as the detection region is employing the foot 
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of the linear region of the SPR profile. On the other hand, the dynamic range of 
detection by using a higher initial resonant wavelength reduces. Although the 
dynamic range will be narrower when the initial resonant wavelength is increased, it 
is believed that it is possible to achieve with the resolution smaller than 10 mg/dL 
with a suitable initial resonant wavelength and improve the stability of the drifting 
problem. Therefore, it will not be used for data analysis in the following sessions. 
However, the aim of this experiment is to approve if the resolution can be increased 
by employing a high resonant wavelength. 
The calculation method will be introduced in the next session with the use of 
conventional calibration method, i.e., minimum hunting polynomial fitting. The 
result listed in the table 3.3 proved that employing a higher resonance wavelength in 
wavelength-based interrogation SPR setup can give a better resolution. The 
calibration model of the experimental result with 1120 nm initial resonance 
wavelength will be attached in appendix B. 
Setup with different resonance wavelength: Resolutioji calculated with 
^ ® conventional calibration model: 
980 nm initial resonance wavelength setup: 65.79 mg/dL 
1120 nm initial resonance wavelength setup: 21.37 mg/dL 
Table 3.3: Resolution difference between two experimental setups. 
The drifting of the system indicates the instability of the measuring system. 
Therefore, the resolution of the system should be worse than the calculated one. 
However, it is hard to quantify the drifting effect because it is mainly caused by the 
thermal lamp and the measuring environment. Only if the drifting effect caused by 
the optical component in the system, otherwise, the drifting factor is very difficult to 
quantify. 
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3.4.2 Experimental data analysis 
Although it is possible to calculate the resolving ability of the detection system, it is 
more appreciated if the system is stable enough for accurate estimation use. This 
section is trying to evaluate the predictability of calibration model established by the 
conventional regression method and PLS regression method. The data of the first 
experiment setup are adopted, because the detection region employs the linear region 
of the SPR profile and the samples are ranging from 0 mg/dL to 600 mg/dL. The 
purpose of the second experiment has been elaborated in the previous session. 
3.4.2.1 Conventional SPR data analysis 
Two standard SPR data analysis approaches have been widely used by researchers, 
i.e., minimum hunting with polynomial fit and alternatively centroid method. Both 
methods give the characteristic value which represents the sample. 
Minimum hunting with polynomial fit 
Minimum hunting is the most straight-forward and widely use method in SPR data 
analysis. According to the SPR theory, the minimum reflectance indicates the 
maximum resonance effect for sensing. Consequently, the wavelength of the 
minimum reflectance is comparable. Unfortunately, it is not easy to locate the 
minimum value of the spectrum because it is not smooth as shown in Fig. 3.20(a). 
Therefore, polynomial fitting is necessary to smooth the curve for locating the 
minimum point. In the research, an order 800-points polynomial fitting and 
order 200-points polynomial fitting have been applied to all the spectra. It was 
realized by Matlab function "polyfit". [Appendix C]. The raw data and the smoothed 
data are plotted in Fig. 3.20(b). 
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Wavelength-based SPR reflectance spectrum 
Wavelength-based SPR reflectance spectrum with 928 nm resonance wavelength (800 pts smoothed) 
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Fig. 3.20: (a) Raw SPR data (b) order 800-pts polynomial fitted SPR data. 
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Fig. 3.2]: Centroid method. 
spectrum as shown in Fig. 3.21. Then, we 
calculate center position of the bounded area. The corresponding wavelength is acm 
which is the same as the resonance wavelength as found in minimum hunting method 
if the bounded area is symmetric. Once the acm of all the spectra are found, they will 
be used to establish a calibration model for prediction test. 
3.4.2.1.1 Data analysis using minimum hunting with polynomial fit 
Minimum hunting with polynomial fit approach is used as the conventional SPR 
analysis method, since the meaning of the minimum reflectance is directly derived 
from the theory of SPR effect. In the experiment, nine sets of experimental data have 
been worked out, five sets of data is used to establish a calibration model while the 
remained four sets of data will be used as prediction data set for model verification. 
The following table summarized the resonance wavelength of five sets of data with 
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8th order 800-point polynomial curve fitting calculated by Matlab. 
Calibration data set - Order 800-pts curve fitting  
C o n e . Omg/dL 30mg/dL 60mg/dL 90mq/dL 180mq/d 270mg/d 360mg/d 450mg/d 540mg/d 600mg/d 
s e t l 931.053 929.690 929.318 Q31,54R Q3?. 044 09.7 Q34 646 Q36 3R1 Q37 QQ? 
s e t s 929.442 928.822 928.822 930.557 930.681 932.292 934.399 935.390 937.373 937.001 
s e t s 930.929 929.566 929.814 930.309 Q30.557 933.407 935.638 935.762 937.001 938.364 
s e t ? 929.070 929.318 929.070 930.062 931.053 932.664 934.151 935.266 937.620 937.868 
s e t 9 928.079 928.079 928.451 928.946 929.194 931.425 932.292 933.903 937.249 938.488 
Aver . 929.715 929.095 929.095 930.285 930.706 932.763 934.225 935.340 937.447 937.843 
S tdev . 1.268 0.658 0.514 0.937 \ \ m i 1.004 1.219 0.913 0.378 0.616 
Table 3.4: Calibration data set of 5 selected experimental results with order 
800-pts polynomial fitting. 
The plot of averaged resonance wavelength with the error bar is shown in Fig. 3.22. 
The linear regression of the data is calculated by Excel built-in function. The 
calculation principle of linear regression can be referred to session 2.3.J. The 
regression equation and the R value are labeled in the figure. 
Resonant wavelength VS concentration 
9 4 0 � � — — — — — … ― ― 
| 936 = R2 = 0.9786 ^ 
I i 9 3 4 1 
g ^ 9 3 2 ^ ^ 1 
I 928 
926 I I ‘ ‘ I 
0 100 200 300 400 500 600 
concentration (mg/dL) 
Fig. 3.22: Calibration result of the calibration data set with order 800-pts 
polynomial fitting. 
The slop of the calibration curve can be used to calculate the resolution / sensitivity 
of the system. As the resolution of the monochromator used in the research is 1 nm, 
the resolution of the system calculated will be the same as the sensitivity. The 
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Sdowc 
resolution is defined as ~ - — ^ . Therefore, the inverse of the slope equals to the 
OA 
resolution or the sensitivity of the system. For the experiment with order 800-pts 
curve fitted data, the resolution is 65.79 (mg/dL) / nm. 
Prediction data set - Order 800-pts curve fitting 
Cone. Omg/dL 30mg/dL 60mg/dL 90mg/dL 180mg/dL270mg/dL360mg/dL450mg/dL540mg/dL600mg/dL 
s e t 2 929.318 928.946 929.690 Q2R.57S Q^ O O^Q 930.805 932.044 934.275 936.133 937.125 
S e t 4 929.690 929.442 928.327 Q32 ?,Q?. Q^ O ROS Q^ ^ Q^ S Q^O Q^^  R77 Q^ R 940 Adf. 
s e t s 928.575 929.318 929.690 928.575 Q2R.451 Q30 R05 QT^  407 Q^SOIX Q^ S Idd 
928327 9 2 8 ^ 928.327 929.070 930.805 932.664 934.770 936.505 939.107 937.868 
Aver. 97,8.978 9?8 Q77 • OOQ • m^ QS1 cm Qm Q^ S PRO Q^l 
Stdev . l 0.635 0.558 0.787 1.791 1.119 1.370 1.490 1.228 1.660 0.328 
Table 3.5: Prediction data set of 4 selected experiment results with order 800-pts 
polynomial fitting. 
The following table summarized the prediction result from the four prediction data 
set with the calibration model. The prediction ability of the model is evaluated by 
root mean square error of prediction (RMSEP). 
Prediction Result from model (Using the Regression line - y = 0.0152x + 928.73) 
C o n e . Omg/dL 30mg/dL 60mg/dL 90mg/dL 180mg/dL270mg/dL360mg/dL450mg/dL540mg/dL600mg/dL 
s e t 2 38.7171 14.2565 63.1710 -10.1974 103.934 136.546 218.065 364.809 487.092 552.315 
s e t 4 63.1710 46.8684 -26.5066234.3684 136.546 315.894 438.177 536.006 625.684 576.769 
s e t s -10.1974 38.7171 63.1710 -10.1974-18.3487 136.546 307.743 413.723 454.486 593.072 
s e t s -26.5066 -34.6579 -26.506622.40789 136.546 258.828 397.421 511.552 682.75 601.223 
Aver . 16.2960 16.29605 18.3322 59.09539 89.6694 211.9539 340.352 456.523 562.503 580.8454 
S t d e v . 41.7689 36.68713 51.7754 117.8553 73.6347 90.13629 98.0543 80.80656 109.248 21.56635 
RMSEP 78.924 
Table 3.6: Prediction result using the prediction set on the calibrated model (with 
order 800-pts polynomial fitting). 
The large variation in prediction indicates either the model is not good enough to 
represent the experimental data or the system is not good in repeatability. For the 
modeling issue, multivariate linear analysis will be proposed in the next session to 
investigate if there any scope for improvement. 
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It is observed that the shape of the smoothed spectrum is slightly different from the 
raw data. Besides, interpolation is a kind of approximation, the error raised from the 
interpolation may affect the result. order 200-pts polynomial fit has been applied 
to evaluate the effect of curve fitting to the analysis. A small order and much lesser 
points are chosen for comparison in order to magnify the difference if it does exist. 
Calibration data set 一 Order 200-pts curve fitting 
C o n e . Omg/dL 30mg/dL 60mg/dL 90mg/dL 180mg/dL270mg/dL360mg/dL450mg/dL540mg/dL600mg/dL 
s e t l 927.264 926.269 925.771 928.259 926.269 Q30.24Q 931.244 933.234 934.726 935.224 
s e t 3 925.771 926.269 925.771 927.264 928.259 929.254 931.244 Q32.736 9.?Q 
s e t s 927.264 925.771 927.264 927.264 928.259 929.751 931.741 931.741 933.234 Q34.22Q 
s e t ? 925.771 925.274 926.269 926.766 928.259 929.254 931.741 Q32.23Q 934.726 Q34.79.6 
s e t9 925.274 925.274 925.771 926.269 926.766 928.259 928.259 931.244 933.731 935.224 
Aver. 926.269 925.771 926.169 927.164 927.562 929.353 930.846 932.239 934.129 934.726 
Stdev. 0.931 0.498 0.649 0.738 0.970 0.738 1.467 0.787 0.649 0.498 
Table 3,7: Calibration data set of 5 selected experimental results with ？J"^ order 
200-pts polynomial fitting. 
Resonance wavelength VS concentration 
t • — — — — — ’ : � ― — 
g 934 ^ — ^  
I 932 R : 0.9854 ^ j 
1 1 930 P . = 
I 928 ^ 1 
I 9 2 6 j 
^ 924 ……I 1 I 丨 丨  ‘ i ~ — — J 
0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 
concentration (mg/dL) 
Fig. 3.23: Calibration result of the calibration data set with order 200-pts 
polynomial fitting. 
Prediction data set - 2"" Order 200-pts curve fitting 
C o n e . Omg/dL 30mg/dL 60mg/dL SOmg/dL 180mg/dL270mg/dL360mg/dL450mg/dL540mg/dL600mg/dL 
s e t 2 925.771 925.771 926.766 925.771 926.766 927.761 929.254 930.746 932.736 933.731 
s e t 4 925.771 927.264 924.776 928.259 927.761 929.751 931.741 933.234 935.224 934.726 
s e t s 925.274 926.269 926.269 925.771 922.786 928.259 930.249 932.239 933.731 934.726 
s e t a 925.274 925.274 925.274 925.771 927.761 929.254 931.244 934.229 934.726 934.726 
Aver. 925.522 926.144 925.771 926.393 926.269 928.756 930.622 932.612 934.104 934.478 
S t d e v . 0.287 0.850 0.908 1.244 2.369 0.908 1.103 1.486 1.103 0.498 
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Table 3.8: Prediction data set of 4 selected experiment result with order 200-pts 
polynomial fitting. 
Prediction Result from model (Using the Regression line 一 y = 0.0152x + 925.49) 
Cone. Omg/dL 30mg/dL 60mg/dL 90mg/dL 180mg/dL270mg/dL360mg/dL450mg/dL540mg/dL600mg/dL 
s e t 2 18.493 18.493 83.961 18.4Q3 Q61 14Q 49.1 947 619, 345 ROQ 476 7^0 549 1Q1 
s e t 4 18.493 116.691 -46.967 182.15�14Q.421 411.270 509.461 640.388 607.658 
s e t s -14.237 51.230 51.230 18.493 -177,888 18?. 151 313.079 444 000 542.191 607.658 
s e t s -14.237 -14.237 -14.237 18.493 149.421 247.612 378.539 574.928 607.658 607.658 
Aver . 2.128 43.044 18.497 59.408 51.229 214.882 337.625 468.549 566.742 591.291 
Stdev. 18.897 55.901 59.761 81.829 155.830 59.757 72.577 97.738 72.578 32.734 
RMSEPI 84.357 
Table 3.9: Prediction result using the prediction set on the calibrated model (with 
order 800-pts polynomial fitting). 
The following table summarizes several parameters obtained from the data analysis 
for comparison. 
Parameter order 800-pts order 200-pts  
\ver. stdev. of resonance wavelensth 0.853 nm 0.792 nm  
Root Mean Square Error ofPred. 78.924 mg/dL 84.357 mg/dL  
model V ^ 0.0152 x +928.3 v 二 0.0152 x + 925.49 
ahs(mean prediction err.) 31.878 mg/dL 34.753 mg/dL  
resolution of the system 65.79 (mg/dL) / nm 65.79 (mg/dL) / nm 
Table 3.10: Comparison between order 800-pts fitting and order 200-pts 
fitting. 
From the data, it is seen that the order 200-pts polynomial fitting does not show a 
very big difference from order 800-pts polynomial fitting, although the 800-pts 
polynomial fitting does give a better RMSEP. The deviations of the resonance 
wavelength and the prediction error are similar. The deviation in resonance 
wavelength between two methods is less than 0.1 whereas deviation in concentration 
is less than 6 mg/dL. This implies that the two different poly-fitting methods give 
similar data representation. Besides, they give the same resolution of the system. 
Although the order 800-pts polynomial fitting does not give a tremendous 
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improvement in prediction performance, it does give a better prediction of �6 
mg/dL. 
Although the data representation is similar in a whole, there is still a big difference 
between two. By comparing the resonance wavelength of the spectrum or the 
regression equation, it is easy to notice that the corresponding resonance wavelength 
of the same sample is different. For example, the averaged resonance wavelength of 
0 mg/dL is 929.715 nm for order 800-pts fitted spectrum while it is 926.269 nm 
for 2nd order 200-pts fitted spectrum. The shift is about 3 nm which can be observed 
from the intercept point of the two regression equation, too. It is an interesting 
feature that the intra-variation is similar between the two different fittings while 
inter-variation is large. The large inter-variation occurs because the broadening effect 
raised by the polynomial fitting is higher for higher degree of poly-fitting. Besides, 
the intra-variation is small because the SPR curve itself is quite consistent. 
In short, it seems that there is not much to be done in order to improve the prediction 
result. It is believed that using multi-variable linear regression may have the 
possibility to improve the prediction model as they try to make use of more than one 
variable in the spectrum which may be more correlated to the ideal resonance 
wavelength. In the next session, PLS regression method will be chosen to compare 
with conventional analysis method. 
3.4.3 PLS regression analysis for SPR data 
In order to investigate if there is any scope for improvement in terms of prediction 
ability, multivariable analysis method is chosen. As introduced in the chapter of data 
analysis, it is thought that PLS regression method may be a good choice as it tries to 
regress both independent variable and dependent variable in the regression equation. 
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The PLS regression is done by a third-party Matlab toolbox — "Eigenvector". The 
code for analysis has been attached in the appendix session for reference. 
As mentioned in the chapter 2, the PLS requires to decompose the matrix into factors. 
Here NIPALS algorithm is chosen for decomposing factors for the PLS regression 
calculation as in PC A. There is not special reason for using NIPALS. It is just 
because there is only one variable in Y-matrix, concentration, and the result is more 
or less the same with using other algorithms. 
The PLS regression method is directly applied on the order polynomial fitted SPR 
data with five sets data for calibration and four sets data for prediction as before. 
RMSEP of the model is about 76 mg/dL. Compared to the conventional method, it 
seems that PLS regression method does not give any improvement. 
Multivariate analysis allows us to select useful information for establishing the 
calibration model. As before, the whole SPR spectrum is used with nearly 800 
independent variables. Usually, not all variables have the interested information. In 
order to reveal the useful information and the potential of PLS regression method, a 
program is written with Matlab for finding RMSEP parameters with PLS regression 
method with selected variables [Appendix C]. 
In order to find out which region of wavelength gives a better representation of the 
concentration of the sample, the variables are selected for the calibration model. The 
variables are selected by using a variable-width sliding window. For each slice of 
region, the RMSEP parameter is found for comparison and study. Some plots are 
shown in Fig. 3.24. The x-axis of the graphs represents the starting position of the 
window where the title tells the size of the window used in the calculation. Therefore, 
the starting wavelength and the ending wavelength of the region can be easily 
calculated by the window position and the window width. For example, the slice of 
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the region with the position 150 and window size of 500 points of the graph using 
808points with wavelength ranging from 880 to 980 nm, the range of the region is: 
880 + 150 (100/808) to 880 + (150+500)(100/808) = 898.6 — 960.8 nm 
RMSEP ofSOOpts with win-size of:300pt RMSEP ofSOOpts with win-size of:400pt RMSEP of SOOpts with win-size of:500pt 
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Rg. 3.24: Selected plot of RMSEP plot with the result of order 800-pts fitted data 
Thp RMSEP plot indicates the region of the data which can be used to establish a 
model for better prediction. According to the result, the plot with a circle shows that 
with the window size of 500 pts starting from about the window gives the best 
result of RMSEP is about 73 mg/dL. 
Compared to the conventional method, PLS does give a very small improvement of 
about 6 mg/dL. By observing the experimental data, the spectra do shift a bit from 
every time measurement with the same sample. Therefore, in order to have a much 
better prediction model, the experimental platform should be improved to increase 
the repeatability and stability. As in the calculation with the present setup, 1 nm shift 
will cause about 60 mg/dL changes. Although the hope for improving the prediction 
ability is very small, in the following, data pre-processing method is proposed to see 
if the prediction model can be improved further by maximizing the SNR. 
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Data pre-process 
PLS regression method is originally used in NIR spectrum for regressing the 
independent variables, absorbance values, on the interested chemical information. On 
the other hand, the concentration information is hidden in the absorbance values with 
respect to different wavelengths. However, in SPR spectral data, the chemical 
information is represented by the shift of the spectrum. By observing in the SPR 
spectrum, the offset drifting is quite serious although it seems to have some trend 
sometimes. In order to eliminate the drifting effect on the PLS regression method, the 
offset drift is eliminated simply by readjusting the reflectance of minimum 
wavelength to be zero as illustrated in Fig. 3.25. 
Wavelength-based SPR refiectance spectrum 
Wavelength-based SPR reflectance spectrum with 928. nm resonance wavelength 
with 928 nm resonance wavelength (800 pts smoothed) (800 pts smoothed and readjusted) 
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Fig. 3.25: (a) order 800-pts polynomial fitted data; (b) zero-readjusted order 
800-pts polynomial fitted data 
RMSEP is used to compare the pre-processed data and the smoothed-only data as it 
is the common parameter used in evaluating the predictive ability of a calibration 
model in PLS. Fig. 3.26 shows the RMSEP of the readjusted data and smoothed-only 
data with the data segment size of 400 pts. Basically, both can give the minimum 
error about 70 mg/dL, the variation in the readjusted data is much smaller than the 
smoothed-only data. On average, the error of readjusted data is smaller and more 
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Stable than the smoothed-only data. Therefore, it is important to perform 
zero-adjusted to the SPR data for better predictive ability. 
RMSEP of SOOpts f.o. w win-size bf:400pt RMSEP of SOOpts adj. w win-size of:400pt 
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Fig. 3.26: RMSEP plot resulted from (a) order 800-pts curve fitted data only and 
(b) 8th order 800-pts 
curve fitted with zero-readjusting data 
3v5 Session discussion and conclusion 
SPPv sensor is a very sensitive sensor which can detect the sinaJl concentration 
changes as in the research. For each set of experimental results , the concentration can 
be distinguished apparently. Once they are compared with another set of 
experimental results, the deviation between two same concentrations measurement 
gives the error. This shows that the repeatability of the system is not satisfied, with 
possible reasons given below. 
1) One of the possible reasons is the accumulative noise raised by glucose itself. 
Glucose is a sticky molecule, and may not be washed away completely by injecting 
purified water. Therefore, the cumulated residuals would affect the actual 
concentration of the sample to be measured in the next round. 
Therefore, in order to give a better repeatability, it is necessary to ensure that the 
concentration of the injected solution is not affected by other factors. One possible 
solution is to use a pump which injects the solution to the cell chamber continuously 
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and does not allow the glucose to stay steady on the sensor. Therefore, the glucose 
may not stick on the gold film easily. This approach requires a certain amount of 
sample solution which is not applicable for blood glucose or interstitial fluid 
measurement in future development. Another simple method improves the situation 
by monitoring the reflectance when washing with purified water. Once the 
reflectance is consistent with previous reflectance of purified water, it is assumed 
that the chamber is cleaned up. However, some of the gold film may be washed and 
the thickness may be different. 
2) Another concern which affects the SPR stability and repeatability is the 
temperature variation. In the drifting experiment, the temperature variation measured 
is 士 0.10 °C. However, according to literature [27], the temperature changes of water 
within 20 °C to 30 °C cause the changes of RI with the rate of 1.0 x 10"V°C. 
Converted to the changes in concentration and in wavelength, they are about 71.94 
(mg/dL)/°C and 0.36 nm, respectively. Therefore, in the experiment, the variation in 
wavelength through out the experiment is mainly caused by temperature. The 
remaining effect should be due to the residual glucose. 
In short, SPR detection method can give a very high resolution and accuracy. 
However, for a long term measurement, the repeatability of the system should be 
improved. As discussed before, residual of sample and temperature effect are two 
most crucial factors which affecting the repeatability. Therefore, temperature control 
and flow chamber design should be designed delicately. Besides, the optical 
geometry of the system should be built with robust material and design, because the 
optical alignment is also a crucial factor to guarantee the repeatability. In the 
experiment, it is noticed that slightly movement of any parts of the optical 
components shifts or even deforms the SPR profile. Especially, the positioning of the 
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sensor chamber (with prism) will move slightly once the syringe injects sample 
solution to the chamber. Therefore, it is necessary to fix every optical part as firmly 
as possible. 
Due to the limitation of the SPR technique, it requires the contact of the sample 
solution to the sensing surface. It can operate in semi-invasive way but not in 
non-invasive way. Therefore, it is worth to do more investigation on non-invasive 
measurement method. In the following chapter, a non-invasive measurement method 
will be investigated. 
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Chapter 4: Near Infrared Spectroscopy Measurement for 
Glucose Estimation 
4.1 Overview of near-infrared spectroscopy 
In chemistry, qualitative and quantitative analyses are very important for chemical 
identification and analysis. The spectral data indicates that the specific energy has 
been absorbed by the chemicals. Strong absorption has been found in ultra-violate 
(UV) region where the energy absorption is due to the electron transition with band 
gap energy of atoms. Near-infrared (NIR) spectrum absorbs IR energy due to the 
vibrational and rotational energy of molecules. Chemist uses the IR spectrum to 
understand the structure of a compound or to assess the purity of a compound. It is 
somewhat like finger print of human thumb. Therefore, spectra are used to identify 
the components of a sample in a qualitative way while they may be also be used to 
measure the amount of material in a sample in a quantitative way. 
In the research, NIR spectroscopy is used to measure the concentration of glucose in 
aqueous solution. The concentration of those glucose solution used in the research is 
from 0 mg/dL to 3000 mg/dL. The concentration is very low as the percentage of 
glucose in the solution is from 0% to 0.3%. Therefore, different data pre-processing 
methods have been studied in order to maximize the SNR for glucose estimation. In 
order to investigate the possibility and the limitation of using spectrometer for 
glucose estimation, a spectrometer has been built based on a monochromator. The 
limitations and the criteria for instrumentation design have been studied for such low 
concentration glucose measurement. Besides, the measurement results obtained from 
commercial spectrometers have been studied and compared with the one obtained 
from self-established spectrometer. Before going deep in the research stuff, basic 
concept of spectroscopy technique and the details of self-established spectrometer 
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will be introduced first in this chapter. 
4.1.1 Electromagnetic spectrum 
Infrared is only a small part of the electromagnetic (EM) spectrum. It is between the 
visible light and microwave region. In IR-spectmm, the complexity is due to the 
absorption of EM energy. The EM energy is related to the frequency of the wave. It 
is intuitive that the higher the frequency of the EM-wave, the higher the energy is 
because it oscillates more within the same duration of time. 
The wavelength of the EM-wave is inversely proportional to the frequency when it 
travels in vacuum or air. 
V = c/X = cv, --- (eq. 4.1) 
where c is the speed of light, 3 x 10^  m/s; v is wavenumber, equal to IIX. 
While the energy of the EM-wave can be calculated with Planck's constant: 
E = hv = hc/X = hcv, -— (eq. 4.2) 
where h is the Planck's constant, 6.6 x lO"^ "^  J-s. 
In the research, not all the IR region is interested. Basically, IR spectrum can be 
divided into three regions as listed in the Table 4.1: the near, mid and far IR. Organic 
chemist usually uses mid-IR region because it is the fundamental vibrational 
frequency of most organic compound. Near-IR (NIR) is commonly used in the recent 
ten years. It gives information for chemist to analysis the chemicals. 
radio wave microwave IR UV-VIS 
Far-IR, Mid-IR, NIR Vis, UV’ X-ray 
wavelength(m) 10 1 10"^  10'^  10"^  10'^  10'^  10"^  10'^  10"^  10'^  
Table 4.1: Major part of the electromagnetic wave chart. 
Once the frequency of the IR radiation energy is matched with the frequency of the 
vibrational energy of the molecule, absorption occurs by converting the radiation into 
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the energy of molecule vibration. Usually, molecules vibrate in more than one format, 
so that, there are usually more than one absorption band of a chemical. 
4.1.2 Molecules vibration 
Basically, molecular vibrations can be classified into stretching and bending 
depended on the bonding structure of the atoms of a molecule. Ideally, the bond 
length and the bond angel within a molecule are fixed. In fact, they are varying from 
time to time especially when external energy is applied on it. 
In order to visualize the vibration of molecule, water molecule and carbon dioxide 
molecule are used as examples. 
V V 
Symmetrical stretching Asymmetrical stretching bendin? 
( a ) 
Symmetrical stretching Asymmetrical stretching • bending • 
(b) 
Fig. 4.1: Examples of vibrational mode bend structure molecule and straight structure 
molecule (a) water molecule; (b) carbon dioxide molecule. 
The stretching vibrations can be approximated by the Hooke's law which describes 
the harmonic vibration of two atoms connected by a spring, as: 
v = …(eq.4.3) 
where v is the vibration frequency, k is the force constant of the spring and m is the 
mass of the atom. As it is assumed to be harmonic oscillation, the energy distribution 
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can be described by the formula: E = V2 kx^ = hv, where x is the displacement of the 
vibration. However, the vibration motion is quantized such that the energy of the 
vibration is classified into different levels. Therefore, vibration occurs only when the 
energy transit from one level to next higher level. The energy of the level can be 
represented by E = (n + Vi) hv. 
When the IR frequency is matched with the energy difference between two transition 
levels, photonic energy will be absorbed and converted into the vibrational energy. 
For example, the molecules could absorb an amount of energy equal to ( K ^ K ) hv to 
give a fundamental vibration. Occasionally, transition energy of 2 hv or higher will 
occur. These correspond to the overtone bands which are easy to observe as the 
absorption is not as much as those of fundamental band. 
Usually, bio-molecules absorb fundamental frequency in the Mid-IR region while the 
overtones in NIR region. Therefore, lots of investigations and studies have been done 
in the Mid-IR spectrum analysis. Overtones region are seldom used in a decade ago 
as the signal is very weak, especially for those low concentration target samples. 
4.1.3 Law of absorption: Lambert-Beer Law 
As mentioned before, the energy absorbed by the molecules are all quantized, so that 
it should be possible to evaluate the quantity of the absorber from the amount of 
energy being absorbed. 
Fig 4.2: EM-wave transmission through a sample. 
When a beam of parallel radiation passes through a chemical solution, absorption 
77 
Chapter 4: Near Infrared Spectroscopy Measurement for Glucose Estimation 
occurs as in Fig. 4.2. Pq is the radiant power before passing through the solution 
while P is the radiant power passed through the solution with the path length of b cm. 
The concentration of the solution is defined as c (mol/L). 
The ratio of the transmitted radiant power to the incident radiant power is defined as 
transmittance (T) [28]: 
T = P/Po. — (eq. 4.4) 
And the absorbance, A, can be obtained by: A = -logio T with the unit of (AU). 
According to the Lambert-Beer Law, the absorbance is directly proportional to the 
path length, b, through the solution and the concentration, c，of the absorber. 
Therefore, 
A = £ * b * c , — (eq. 4.5) 
where £ is the molar absorptivity which is wavelength dependent. 
Lambert-Beer Law is additive which means if the solution contains three different 
chemicals, the resultant absorbance will be equal to: 
A = b * (£i* Ci + 82*C2 + £3*C3). — (eq. 4.6) 
The absorptivity is wavelength dependent because the molecule only absorbs a 
certain amount of photon energy which matches with the vibrational energy as 
mentioned before. Therefore, the peaks of the absorbance usually reflect the type of 
chemicals or the functional groups of the chemicals. The absorbance difference can 
be used to calculate the amount of the absorber in the chemical solutions with the 
relationship governed by Lambert-Beer law. 
However, there are some limitations when applying Lambert-Beer law. The incident 
light should be parallel and should be passing through the same optical path length. 
Otherwise, part of the light energy may not be detected and counted as the absorbed 
energy of the sample. Besides, it is assumes there is no scattering effect when the 
light beam striking on the sample. Indeed, scattering occurs in real life. Generally, 
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scattering problem becomes critical when the concentration of the target sample is 
more than 0.01 M [29]. 
4.2 Near Infrared Spectrometer 
NIR spectrum can be obtained by different methods. There are two major acquisition 
techniques widely used in NIR measurements, i.e., dispersive NIR spectrometer and 
Fourier-transformed NIR (FT-NIR) spectrometer, respectively. Both technologies are 
very mature in many application areas, especially in food industry and pharmaceutics 
industry. Usually, it is used to detect impurity or identify the chemical components in 
the measuring sample. Although the working principles of dispersive NIR and 
FT-NIR are different, their applications are more or less the same. FT-NIR has 
developed rapidly in recent decade for fast quantitative chemical analysis. 
No matter which kind of spectrometer is used, the purpose and the measurement 
philosophy are the same. Both of them are trying to obtain the transmission or 
absorption spectrum of the measuring sample. The block diagram of the system is the 
same for both different spectroscopies. 
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Fig. 4.3: The block diagram of NIR spectrometer. 
4.2.1 Dispersive NIR spectrometer 
Dispersive NIR spectrometer uses dispersive elements to decompose white light into 
many different wavelengths. Those dispersive elements are prisms or diffraction 
gratings. They are the core of spectrometer for decomposing broad band light source 79 
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into many different wavelengths for measurement. Prism based spectrometer first 
used by Fraunhofer should be the oldest type of spectrometer [30]. The idea is the 
same as the famous experiment performed by Sir Isaac Newton using a prism to 
decompose white light into rainbow color spectrum. 
entrance slit 
^^ 入 2 
Fig. 4.4: Prism-based light dispersion setup 
、本 ^^^ I I 
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(a) (b) 
Fig. 4.5: (a) Diffraction by grating; (b) Diffraction order. 
Prism based spectrometer is not very common now; most commercial products use 
diffraction grating instead of prism. Diffraction grating is a mirror with many 
grooves on the surface. The dispersion can be calculated with the following equation 
[31]： 
s i n s i n p = l(y^knX — (eq. 4.7) 
where k is the diffraction order, n is the grating groove density, A is the wavelength of 
the radiation, and a, p refer to the symbols in Fig. 4.5(a). 
From the equation, for fixed a and (3, the higher the diffraction order, k, the shorter is 
the wavelength. It is illustrated in Fig. 4.5(b). Therefore, the plane grating does not 
80 
Chapter 4: Near Infrared Spectroscopy Measurement for Glucose Estimation 
give a monochromated light although the intensity of higher order is weaker than the 
st 
1 order. Usually, filter should be added to obtain a pure monochromated light. 
Besides using filter, most monochromators use blaze grating to concentrate much 
incident energy into a specific diffraction order. Thus, the expected wavelength will 
be in a much higher intensity than other wavelengths. 
Blaze grating tries to concentrate the energy of a limited range of wavelength but not 
the whole spectrum. The common profile of the efficiency of grating is shown in Fig. 
4.6, which is obtained from Oriel Instruments. The blaze wavelength is defined as the 
wavelength, in a given diffraction order of k, for which the efficiency reaches the 
maximum. As in Fig. 4.6，750 nm blaze indicated the maximum efficiency of the 
grating at 750 nm. More than one grating is necessary if a wide range spectrum 
would like to be measured. 
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Fig. 4.6: Efficiency profile of grating (source: Oriel Instruments). 
In a spectrometer, plane grating plays an important role to decompose light. Besides, 
it is also the optical component determining the resolution or the resolving power of 
the spectrometer. The groove with higher density gives the better the resolution of the 
system. Usually, the grating groove density is measured in "grooves/mm". 
In a spectrometer, monochromated light is not just obtained by a grating. It must 
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cooperate with other optical components to give useful light. One of the most 
common configurations is Czemy-Tumer configuration [30], as shown in Fig. 4.7. 
The Czemy-Tumer configuration mainly consists of two mirrors together with a 
grating. The mirror on the entrance side is called collimating mirror which is used to 
make the incident radiation into parallel lights. It is very important for the 
monochromator to give a linear dispersion. The incident angle of the radiation on the 
grating determined the diffraction pattern. In order to control the driving step to 
select the wavelength accurately, paralleled light and linear dispersion are very 
important besides the accurate driving motor. 
Entrance Slit 
" " " W Collimating 
D - \ Mirror 
Grating 
n / Focusing 
Exit slit 
Fig. 4.7: Czerny-Tumer configuration used in most monochromator. 
The mirror on the exit side is called focusing mirror which is used to focus the 
decomposed light onto the exit slit. The focal length of a monochromator refers the 
focal length of the focusing mirror. The resolution of the monochromator can be 
improved by increasing the focal length or the path distance inside the 
monochromator without changing the grating. The improved resolution with longer 
optical path distance is illustrated in Fig. 4.8. Therefore, all high resolution 
monchromator are very bulk in size. Nowadays, the technology for making grating 
can approach to 3600 grooves/mm while some can even produce 6000 grooves/mm. 
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Although increasing the optical distance to maximize the resolution is the cheapest 
method, the trade-off is the reduction of throughput power. Therefore, the higher the 
resolution, the lower the signal to noise ratio (SNR) is. For such a case, nitrogen 
cooled detector and lock-in-amplifier may be necessary for low photonic power 
measurement. 
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Fig. 4.8: Longer the path distance, better the resolution for diffraction grating. 
4.2.2 Fourier-Transformed NIR spectrometer 
Different from dispersive NIR spectrometer, FT-NIR spectrometer uses 
interferometer as the core optical system to decompose broadband light. The 
interferometer is the same as the one introduced in chapter 3, which is used in 
phase-based interrogation SPR setup. The main difference is the light source. FT-NIR 
spectrometer uses halogen as a broadband light source instead of LASER whereas 
Laser is used as a control reference in FT-NIR spectrometer for calibration. 
Recalling the interferometer in SPR, interference pattern (interferogram) occurs 
when two radiations meet together undergoing superposition. The moving mirror 
causes the displacement between the two radiations then the intensity of the 
interference pattern at a point varies from destructive interference to constructive 
interference forwards and backwards. If the movement of the mirror is linear, the 
intensity of the interferogram recorded is a sinusoidal function. In the case of FT-NIR 
spectrometer, broadband light source is used. The interferogram will sum up all the 
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interference caused by different individual wavelength. The interference pattern of an 
ideal broadband source is shown in Fig. 4.9. The interferogram is not what chemist 
wants. The FT-NIR spectrum can be obtained by taking Fourier-transform of the 
interferogram. Whereas the interferogram is in displacement domain (cm), the 
FT-NIR spectrum is in wavenumber domain (cm—i). 
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Fig. 4.9: Interferogram spectrum of broadband source (source: Oriel Instruments). 
For those commercial FT-NIR spectrometers, they will not apply the FFT directly 
onto the raw interferogram. The interferogram is smoothed by applying apodization 
which is a weighting function. By reviewing of the commercial products, they 
usually use triangular apodization to smooth the interferogram. 
The bottle-neck of the resolution is different from the one in the dispersive NIR 
spectrometer. As FFT is necessary, the resolution is limited by the signal processing 
aspect. In the interference domain, the longer the signal acquisition time, similar to a 
long time window in time domain, thus the FFT signal will give a higher resolution 
analog to the ordinary signal processing concept. Therefore, increasing the 
displacement of moving mirror can increase the resolution of FT-NIR spectrum. The 
resolution can be simply calculated from the following equation [32]: 
Resolution = 1/optical path difference = 1/(2*maximum displacement of mirror) 
—(eq. 4.8) 
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Although it seems that the resolution can be increased infinitely by increasing the 
optical path difference, it is usually limited by electronic components which store the 
recorded signal, quantization resolution of analogy-to-digital device and the 
sampling rate beyond the analog detector. Although it is possible to build a very high 
resolution FT-NIR spectroscopy, the cost and the processing power will be increased 
tremendously. 
4.2.3 Comparison between dispersive NIR and FT-NIR spectrometers 
Both the dispersive NIR and FT-NIR spectrometers can achieve the resolution at the 
similar level. The main difference is the speed of scanning a spectrum, the 
throughput of the radiation for measurement and the signal to noise ratio. The 
following table summarizes the comparison between two spectrometers. 
I dispersive NIR FT-NIR 
j resolution up to 0.006 nm up to 0.0015crn"^  
speed of scan several minutes per scan 100 scans in seconds  
throughput depends on path distance higher than dispersive NIR  
SNR depends on many factor can increase by multiple scan 
Table 4.2: Comparison based on machines in the world found from internet. 
The table roughly summarizes the difference between the dispersive and FT-NIR 
spectrometers. The unit of resolution in dispersive NIR and FT-NIR is not the same. 
They are inverse to each other so that the conversion is simple but not linear. For 
example, if the FT-NIR spectrum is obtained from 11995 to 3999 cnfi with 
resolution of 3.857 cm'\ the conversion to (nm) unit can be calculated: 
starting wavelength = 11995'^  * 0.01 = 833.68 nm 
ending wavelength = 3999"^ * 0.01 = 2500.63 nm 
resolution @ 11995 cm"^  = (11995'^ - 11998.857"^) * 0.01 = 0.268 nm 
resolution @ 3999 cm"^  = (3999"^ — 4002.857'^) * 0.01 = 2.410 nm 
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The detailed comparisons of the difference are given below: 
1) Therefore, it is difficult to compare the exact value of the resolution in terms of 
unit. Because of the different unit representation, the spectra of dispersive NIR and 
FT-NIR are not exactly the same. Once the FT-NIR is plotted in (nm) domain, the 
shorter wavelength is compressed relatively to give more information as the 
resolution is relative higher in shorter wavelength according to the calculation. It is 
also the reason that chemist prefers to use FT-NIR to measure sw-NIR spectrum. 
2) Usually, FT-NIR gains more benefit than dispersive NIR because of its fast scan, 
high throughput and high SNR. Dispersive NIR can also obtain the spectrum in 
seconds with the use of photo-diode array, but it greatly limited the resolution as the 
size of the photodiode is comparatively large to the diffraction separation. Therefore, 
FT-NIR can give more scan in a short duration. Besides, the SNR of FT-NIR 
increases when the number of scans increases under the same scan-speed and 
resolution. 
1/2 
SNR oc (no. of scans) . — (eq. 4.9) 
3) Finally, the throughput of FT-NIR spectrometer is usually higher than dispersive 
NIR spectrometer, because, with the same light source, the optical path distance of 
FT-NIR is usually shorter than that of dispersive NIR. Besides, dispersive NIR 
spectrometer only gives the radiation of specific wavelength or a very narrow band to 
pass through, while FT-NIR allows all the wavelength of the light source to pass 
through. Therefore, the SNR of FT-NIR should be comparatively higher than that of 
dispersive one. 
The only benefit from dispersive NIR spectrometer is the true wavelength 
decomposition. As only a specific wavelength can get pass the device, the sample 
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solution can be interacted with expected wavelength rather than all. It is very 
important to those sample solutions that may have chemical reaction to some specific 
wavelengths. 
In general, FT-NIR gives a faster and cheaper solution than dispersive NIR. It is also 
the trend in analytic chemistry with NIR-spectrum analysis. 
4.2.4 Self-established monochromator based spectrometer 
In order to establish an experiment platform for measuring spectrum of chemicals, 
dispersive monochromator is chosen because it gives more flexibility to design the 
experiment platform. In the research, it is used to measure the transmitted spectrum 
of glucose in water for investigation whether it is possible to determine the 
concentration of glucose in water from the spectral information. According to the 
chemical structure of glucose, C6H12O6, it is mainly composed of C-H bonding and 
O-H bonding. According to Hook's law, the wavelength causes the vibrations of 
glucose should be in 2000 nm to 2500 nm. Many researchers also did some 
investigation on glucose with that vibration frequency region, and obtained quite 
good results [33 - 43]. That region is the vibrational combination region of glucose 
[44] which gives a quite strong signal compared to overtones. Unfortunately, 
the detector for the wavelength longer than 2000 nm is relatively expansive and the 
light source is limited to thermal light source like halogen lamp. Therefore, the 
investigation on the overtone is much appreciable for future development as 
overtone covers the range from about 900 nm to 1300 nm. Therefore, the setup will 
mainly be designed for the use from visible light up to 1600 nm. 
The experiment platform basically can be divided into four parts: light source, 
monochromator, detectors, and acquisition and controlling system. 
87 
Chapter 4: Near Infrared Spectroscopy Measurement for Glucose Estimation 
Light source: 
Halogen lamp (OSRAM 50W 12V), shown in Fig. 4.10，is 一 
employed as the broadband light source in the setup, as it can give ^ ^ 穩鼉 
the radiation from about 300 nm to 2500 nm which covers the , 
h ‘ / 
interested wavelengths in the research. The light is not necessary to 
i . 
collimate as there is a collimated mirror inside the monochromator, “ 
but in order to maximize the throughput, objective lens are used to Fig. 4.10: 
Halogen Lamp 
focus the light onto the entrance slit of the monochromator. 
Monochromator: 
A monochromator manufactured by Dongwoo company is employed for 
decomposing the broadband light source into specific wavelength as output. The 
maximum resolution of the machine is 0.025 nm. The details of the specification 
have been attached in appendix D. 
Resolution: finest: 0.025 nm 
Focal length: 750 mm 
Aperture ratio: f/11.0 
Optical Design: Computer optimized Czerny-Turner type 
Scan Range: Mechanical range: 0-1600 nm with a 1200 gr/mm 
Accuracy: ±0.1 nm 
Repeatability: ± 0.04 nm  
Drive step size: 0.025 nm with stepper motor 
Focal Plane size: 25 mm wide x 14 mm height 
Detector coverage: 28 nm 
Grating mount: Dual grating turret  
Grating Size: 68 x 68 mm  
PC Interface: RS-232C standard  
Table 4.3: Specification of Dongwoo DM-701 monochromator. 
Detectors: 
It is one of the important parts in the experiment platform. As the spectrum range we 
are interested in is from visible light to 1600 nm, there is no any detector can cover 
that range with efficiency higher than 50%. Therefore, two types of detectors are 88 
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chosen. For the region from visible to about 1000 nm, silicon (Si) detector is used. 
For the region from about 1000 nm to 1600 nm, Indium-Gallium-Arsenide (InGaAs) 
is used. The response curve of Si and InGaAs detector obtained from Edmund Optics 
are shown in Fig. 4.11(a) and (b), respectively. The detectors used in the experiments 
are shown in Fig. 4.12 (a) and (b). 
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Fig. 4.11: Response curve of detectors (a) Silicon detector; (b) InGaAs detector 
(source: Edmund Optics). 
(a) (b) 
Fig. 4.12: (a) Silicon detector; (b) InGaAs detector manufactured by Ocean Optics 
Acquisition and controlling unit: 
The measured intensity by the photo-detector is digitized by an analog-to-digital 
device manufactured by Dataq company. 
A control interface program, shown in Fig. 4.13，for spectrum acquisition has been 
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implemented by Visual Basic to control both the acquisition device and 
monochromator. The code of the program has been attached in appendix E. The table 
in below lists the features of the program: 
Main features of the program: 義•_•，•• 梦�：‘ ？：‘, ‘, vjjxj 
Monochromator control: 
> Machine initialization 
V, H , 1 • 1 , , i Turet [P' Wav^en^ -jprcrc^g.," ！ • : • •./ ； ‘ 
> Machine status acknowledgement | 厂 ste^涵…,…,| ‘‘一，I wSa^.j 
v . 广 ‘ . "I ‘ • "^mmmmmS^ 
> Grating selection 
> Scan speed assignment 
# 10 — 3200 nm/min 
ScanBatejrWrtmhfMTO . I fcSgllSLJf R£C 
> Automatic scan: _ _ _ _ _ _ 國 _ _ _ i i _ 
# Starting wavelength j floooo? 3 ； L _ 2 ^ 
‘ I nm/mit Sifit j 
# ending wavelength 
^ step size Stan wavelength, j rm 
_ E M wavdength: j rtm 
Acquisition device control: ^^^ _ 
1 Movf^ lbe: mT 隱 
-. ^^ ^ 
> Sampling rate (gata^f"" fa 
> No. of averaging point for each —：  
wavelength measurement i , ,, , , : : “ 
Save:jtecordOl.tut # OiSSS j 
> saving in a file : 炒 stmy chu e 2004... e bmbLsbcrafsry of am ____ 
Table 4.4: Main Features of the program Fig. 4.13: Control interface of 
implemented by Visual-basic. Monochromator and acquisition device. 
4.2.4.1 Choose of detector and photonic signal conversion unit 
In the research, it is found that the performance of different detectors varies. It is 
important to understand the characteristic of the detector for choosing a suitable one. 
Those parameters commonly used in the specification of photodiode will be defined 
and presented in the following [45，46]: 
Peak sensitivity wavelength, Xp(nm) 
The wavelength which gives the highest responsivity. 
Dark current, Id (juA) 
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The current that flows in a photodiode when there is no optical radiation 
incident on the photodiode and no operating voltages applied. 
1 24*10^ "^RiA/W) 
Quantum efficiency (%) = --- (eq. 4.10) 
/i(nm) 
It indicates the probability that the photon striking the detector would result in 
one electron being added to the photocurrent. 
n . �P h o t o d i o d e Current(A/cm^) , . 
Responsivity (AAV) = — — (eq. 4.11) 
Radiant Energy(W / cm ) 
Measurement of how much current will be converted, when one unit Watt 
energy per unit area radiation strikes on the photodiode. 
�T . . 1 , xrcD Noise Current(A) 
Noise equivalent power, NEP = --- (eq. 4.12) 
responsivitiy (A / W) 
NEP is a very important parameter which is defined as the minimum 
radiant-flux level a detector can discern, which depends on the detector noise 
level. It is important since the signal current produced by the input power must 
be above the noise current to be easily detected. Other specification also divides 
NEP by square root of bandwidth to get the new NEP value with the unit of W / 
Hz1Z2. 
Detectivity = ~ ^ ^ ^ ^ ^ …(eq. 4.13) 
where Ad is the active detector area. 
The reciprocal of NEP normalized to the square of unit active area and unit 
bandwidth. 
Usually, for low radiation detection, NEP and responsivity are the most important 
parameters for choosing a suitable photodetector. The NEP allows us to compare 
different detector in the sense that the detector is good in noise resistance compared 
to others. Responsivity is used to determine whether the detector is sensitive enough 
for a specific application. 
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In order to estimate a suitable detector, some parameters should be estimated or 
assumed first. The throughput power of the monochromator used in our laboratory 
can be estimated with the data provided by Oriel Instruments [Appendix F]. 
According to the Oriel application notes example 1，they used 1/4 m monochromator 
with 150 watt xenon arc lamp. The throughput power of the setup was about 0.32 
mW as they calculated. The setup used in our laboratory is 3/4 m monochromator 
with 150 watt halogen lamp. So, the throughput power can be estimated with 
Lamber-Beer law: 
Pout = 0.32( 一 1 = 0.036 mW, 
where a is absorption coefficient of air with the value of 0.00108 mm"^  and L is the 
length of the path length. Here L is 1000 mm according to the path difference 
between the example and our setup. Therefore, the throughput of our setup is about 
0.036 mW. 
Then, the dark current noise is assumed to be 10 nA as it is the common noise level 
of most Si-detectors found in the market. If the signal output would like to have 1000 
fold of the 10 nA noise, the expect signal should be 10000 nA. Therefore, the 
expected responsibility should be: 
10000 nA / 0.036 mW = 0.270 AAV (at least) 
Usually, not only dark noise is taking into account as noise of the detector. There are 
also shot noise and thermal noise. Therefore, the real situation should be worse. For 
ordinary Si-detector, the responsibility does not excess 1 AAV. 
For NIR spectroscopy, such detector is already good enough to obtain a spectrum 
with the peak features of the chemicals. However, in the quantitative analysis, the 
changes in absorbance or transmittance should be distinguished in order to detect the 
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different concentration of the solution. Therefore, the changes in transmitted 
radiation may be in the order of \xW or less and thus the changes in current signal 
will be in the order of O.ljLiA or less. Therefore, most of the commercial products 
provide an option of nitrogen-cooled detector which tries to suppress the thermal 
noise of the detector; or photo-multiplier tube (PMT) or Avalanche detector for 
extremely low photon detection. 
Photonic signal conversion unit 
The detector is not used directly, in order to measure the current generated by the 
photons strike on the detector, a current-to-voltage (I-V) converter should be 
employed. In the research, several I-V circuits have been worked out. Figure 4.14 is a 
typical I-V circuits using LM308 precision amplifier, which is a bipolar amplifier 
with low current error. The main features of LM308 are tabulated as following: 
Main features of LM308 Main features ofINA128 
Maximum input bias current 10 nA ±5 nA 
Input offset current 1 nA ±5 nA 
Average offset current over temp. 10 pA/°C ±30 pA/°C 
Table 4.5: Main features of LM308 and INA128. 
The I-V converting circuit is connected with a photo-detector and an 
analog-to-digital acquisition device as shown in Fig. 4.15. The acquisition device is 
controlled by the program as shown in Fig. 4.13. The digitized intensity recorded by 
the photo-detector is recorded by the program and saved in the computer. 
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Fig. 4.14: (a) LM308 I-V converting circuit; (b) INA128 I-V converting circuit with 
DC offset. 
(a) (b) 
Fig. 4.15: (a) The amplifier and level shift circuit; (b) Windaq analog-to-digital 
acquisition device connected to the amplifier and level shift circuit. 
The RC circuit at the positive input of the LM308 acts as a low-pass filter is to 
remove the additive AC noise, which may affect the light intensity level 
measurement. In the research, the light intensity is the most crucial measurand. The 
intensity value directly reflects the concentration of the solution related by 
Lambert-Beer Law. The capacitor in the negative feedback circuit tries to minimize 
the offset voltage of the inputs. Therefore, the detection of the light intensity will be 
stabilized. 
Another alternative is to employ an instrumentation amplifier, which has a 
differential input to minimize the additive noise from the surrounding environment. 
The main features have been listed in the above table. Although its input offset and 
average offset current over temperature are not as good as LM308, it has very high 
input impedance in the order of and differential inputs. In the research, no 
obvious difference has been observed between two. 
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As limited by the supply voltage of the op-amp or the limitation from op-amp itself, 
the swing is limited. Therefore, it is not practical to amplify the signal arbitrarily. In 
order to maximize the flexibility and avoid saturation, a level-shifting circuit follows 
the I-V circuit. The level-shifting circuit is very useful to allow the magnification of 
a portion of spectrum. For example, when the peak of the spectrum approaches �15V， 
it is impossible to amplify the signal because of saturation of the op-amp. Therefore, 
shifting down the offset of the spectrum can allow further amplification. However, 
the dynamic range of the level-shifter is determined by two resistors in the negative 
feedback path and negative input. A series of simulation have been worked out and 
verified that the two resistors are the crucial factors for the dynamic range of the 
level-shifter. Therefore, the two values are determined after measuring the output 
voltage of the I-V circuit. 
4.3 Experimental results of NIR-spectrum by self-established spectrometer 
In order to investigate the NIR spectroscopy method for glucose estimation, a 
monochromator based dispersive NIR spectrometer has been preliminary established 
in the laboratory. Preliminary measurement has been carried out to study the 
possibility and the limitation of non-invasive measurement of glucose in water. The 
configuration of the experiment platform and some details are listed in the table: 
Monochromator: Dongwoo DM-701  
Resolution used: 1 nm  
Fly-scanning speed: 1600 nm/min  
Sampling rate: 80 Hz  
No. of point for averaging: 80 points  
Step increment time: ~ 1 sec  
Avemg, scanning time per ^^ ^ ^ ^ / 600 nm (with resolution of 1 nm) 
spectrum:  
Detector used: Silicon Detector InGaAs Detector  
Detector size (mm) lOmm * 10mm 3 mm diameter  
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Scanning range: 600 nm to 1200 nm | 900 nm to 1600 nm — 
Samples: 0 mg/dL, 1000 mg/dL, 2000 mg/dL and 3000 mg/dL 
with cylindrical glass tube with 10 mm path length  
No. of spectrum per sample 10 spectra, 7 for calibration and 3 for validation  
Minimum RMSEP: 193.0356 @ 1073 - 1133 nm | 479.9411 @ 1346 - 1406 nm 
Table 4.9: Configuration of self-established spectrometer and experiment information 
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Fig. 4.16: NIR transmission spectra of (a) halogen lamp from 600 nm to 1200 nm; (b) 
halogen lamp from 900 nm to 1600 nm; (c) glucose solutions from 600 nm to 1200 
nm; (d) glucose solution from 900 nm to 1600 nm obtained by self-established 
spectrometer 
From the spectrum itself, as shown in Fig. 4.16, it is hard to tell people what is the 
difference between different samples of solution. However, by comparing the 
transmission spectra of halogen lamp, Fig. 4.16 (a) and (b), with the one of glucose 
solution, the transmission spectra of glucose solution, Fig. 4.16 (c) and (d), is 
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dominated by the water content because all the profile of spectra of glucose solution 
is as the same as those of water. By comparing the Fig. 4.16 (a) and (c), it is obvious 
that the energies of the wavelengths ranging from about 880 nm to 1050 nm are 
absorbed by water. By comparing the Fig. 4.16 (b) and (d), the energies of the 
wavelengths ranging from about 950 nm to 1050 nm and from about 1130 nm to 
1290 nm are absorbed by water component. The energies of wavelengths ranging 
from about 1300 nm to 1600 nm are absorbed by water greatly. Nearly no light of 
those wavelengths can pass through the sample solution as majority portion of the 
sample solution are water. Therefore, not much information can be extracted from 
this region because the absorption is dominated by water which overwhelms the 
small alterations caused by other substances. Although the profile is water, the 
uneven alterations in intensity with respect to different wavelengths caused by gluose 
can be extracted by partial least square (PLS) regression method. The RMSEP 
calculated from the full spectra range of the two experiments are � 5 9 2 mg/dL and 
-355 mg/dL, respectively. 
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Fig. 4.17: (a) RMSEP plots of the spectral data measured by silicon detector with the 
wavelength ranging from 600 nm to 1200 nm; (b) RMSEP plots of the spectral data 
measured by InGaAs detector with the wavelength ranging from 900 nm to 1600 nm 
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In order to find out the useful regions of the spectral data for correlating with the 
concentration of glucose, RMSEP plots with the window size of 20 nm have been 
chosen for each experiment as shown in Fig. 4.17 (a) and (b)，respectively. The full 
RMSEP plots with window size from 20 nm to 360 nm have been plotted in 
appendix G. For the first experiment with the wavelength ranging from 600 nm to 
1200 nm, the wavelengths with relatively small value as a trough are circled as in Fig. 
4.17 (a). The wavelength range of those circles RMSEP are: 919 nm - 939 nm, 956 
nm - 976 nm and 1013 nm - 1033 nm. By referring to the Table 4.7 [44]，those 
regions are more related to the glucose information compared to other regions. 
Wavelength Features: 
950 一 1250 nm corresponding to overtone absorptions of glucose (O-H) (C-H) 
850 一 950 nm corresponding to overtone of absorptions of glucose (C-H) 
Table 4.7: Standard absorption characteristic peaks of glucose due to overtones 
and 3rd overtones 
For the second experiment with the wavelength ranging from 900 nm to 1600 nm, 
the RMSEP plot gives relatively smaller values at the shorter wavelengths which 
shorter than about 1300 nm. It proves that the region with large water absorption 
overwhelms all other information such that the data in that region are not quite 
correlated with the glucose concentration. The RMSEP values are relatively larger in 
that region as shown in Fig. 4.17 (b) with dotted rectangular box. The two circled 
regions in Fig. 4.17 (b) matches with the absorption characteristic peaks of glucose 
as listed in Table 4.7. 
By comparing the two experiments with two different regions, it was found that the 
second experiment gives better RMSEP values with the region of wavelength from 
about 900 nm to 1300 nm. The prediction ability is better than the first experiment 
mainly because of the following reasons: 
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1) The second experiment employs the overtones of glucose absorption 
characteristics which the absorptivity is larger than those of the ？overtones 
absorption. On the other hand, the signal-to-noise ratio will be higher. 
2) By observing the spectral data, it consists of both overtones and 
overtones spectral data. Therefore, more variables are related to interested 
information such that the regression model will be more robust and accurate. 
3) The detection characteristic of silicon detector drops beyond �9 8 0 nm, however 
the detection characteristic of InGaAs detector increasing since � 9 5 0 nm. 
Therefore, the signal content obtained by InGaAs detector should be richer than 
using Si detector for the region beyond 980 nm. 
This is also why most of the research works [35 - 44] focus on the spectral data with 
wavelength ranging from 1300 nm and above. 
By observing the raw data, undesirable information, drifting, is observed. The 
drifting problem can be noticed more clearly from Fig. 4.20(a). The drifting effect 
reduces the SNR very much because the concentration information is directly related 
to the absolute transmittance with respect to wavelength. The averaged transrnittance 
spectra of glucose, as shown in Fig. 4.20(b), can distinguish the concentration of 
glucose by intensity clearly. However, it is not really the fact as the drifting effect is 
quite large as shown in Fig. 4.20(a). The concentration of the newly measured 
spectral data estimated from the calibration model established by these spectral data 
can give an error as large as 500 mg/dL because of the drifting. According to the 
absorption theory, only several wavelengths are absorbed by glucose and the 
absorptivity of those wavelengths is difference. Therefore, the glucose spectra are 
usually normalized by water spectrum (background spectrum) in order to emphasize 
the difference in the intensity which correlated to those wavelengths absorbed by 
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glucose. For invitro measurement, chemists normalize the glucose spectrum by 
subtracting water spectrum as a reference [39 - 42]. They perform such 
pre-processing procedure because of the linear-additive property governed by the 
Lambert-Beer's law. Therefore, the difference between the reference spectrum and 
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Fig. 4.18: Normalization by subtracting raw data with water (0 mg/dL) spectral data 
Besides subtraction, normalization can be done by division, too. However, dividing 
the glucose spectrum with water spectrum abandons the linearity characteristic as 
described by Lambert-Beer's law. Due to the property of ratio, the larger difference 
between two values will give a larger value as shown in Fig. 4.19. It is because the 
difference by ratio is not linear. Theoretically, this will oppose the Lambert-Beer's 
law. However, it is the concept of weighted spectrum for emphasizing the relative 
large alteration in the absorbance. No matter how, these two normalizations have 
been conducted for comparison. The normalized spectra have been illustrated in Fig. 
4.19 with different normalization methods. 
；、 K A 
glucose ^ \ 
A ^ ^ ^ ^ — — \ 
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Fig. 4.19: Normalization by dividing raw data with water (0 mg/dL) spectral data 
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Fig.4.20: NIR spectrum with different data pre-processing (a) raw data with 
wavelength ranging from 900 to 1040 nm; (b) averaged spectrum of (a); (c) water 
subtracted glucose spectrum; (d) glucose spectrum divided by glucose spectrum; (e) 
magnified the central part of (d); (f) magnified the region of 760 nm to 775 nm of (d); 
(g) magnified the region from 1080 nm to 1090 nm of (d) 
A series of pre-processing procedures have been applied to see if there any 
improvement. They include raw data, raw data normalized by ratio of water spectrum, 
raw data normalized by ratio of halogen spectrum, raw data normalized by 
subtracting the water spectrum and raw data normalized by subtracting the halogen 
spectrum. The RMSEP plots of them are all attached in appendix G for reference. 
The following tables will summarize the troughs and the approximation variation of 
the RMSEP from those calculated results of two experiments with different 
wavelength ranges. The comparison mainly focuses on the window size from 20 
points to 360 points, because no more details can be given with a larger window 
which contains more uncorrelated information in each segment. 
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Table 4.10: Comparison of RMSEP plot analysis between raw data and raw data with 
different pre-processing method for the experiment with wavelengths ranging from 
600 nm to 1200 nm. 
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InGaAs detector (900 - 1600 nm) 
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Table 4.10: Comparison of RMSEP plot analysis between raw data and raw data with 
different pre-processing method for the experiment with wavelengths ranging from 
900 nm to 1600 nm. 
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From the table, although the RMSEP is very large, especially for the one calculated 
from raw data only, it can still indicate some characteristic peaks corresponding to 
the glucose one. Those RMSEP plots with using pre-processing treatment may not 
give the same troughs as the spectral data have been deformed by the treatments. 
Therefore, instead of treating those troughs as characteristic peaks, the position of 
troughs indeed represents the useful regions for glucose detection for a specific 
measurement system. 
Among different pre-processing methods, normalization with water by either 
subtraction or division improves the predictability of the model. The interesting 
phenomenon is consistent in both measurements with different ranges of wavelength 
measured by Si detector and InGaAs detector. On average, normalization by 
subtraction gives smaller RMSEP value although the difference is small. However, in 
this experiment, normalization by division gives a larger dynamic range of RMSEP 
of the plot. It is obvious that the normalization tries to maximize the difference 
between altered region and unaltered region. 
4.3.1 New approach for improving RMSEP without normalization of water 
spectrum as background information 
Although normalization improves the prediction ability of the model greatly based on 
the experimental results, it is impractical for future application on non-invasive blood 
glucose measurement, since the reference spectrum, i.e. water spectrum, should be 
obtained for normalization. However, it is impossible to measure water spectrum 
from the human sample. Therefore, another approach has been preliminarily 
investigated for suppressing the drifting effect in order to improve the predictability 
of the model without using a reference spectrum. The idea of the new approach 
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makes use of a wavelength, which glucose does not absorb, as a reference. After 
choosing a wavelength as a reference, all the spectra are shifted vertically in order 
that the absorbance of all spectra of that particular wavelength is the same, as 
illustrated in Fig. 4.21. This method has been applied to the NIR spectral data 
obtained by self-made spectrometer with the wavelength ranging from 600 nm to 
1200 nm. 
丰 water a  
I K JK 
Readjusted the absorbance of reference J \ 
C V ^ ； ^ ^ V. 
wavelength (nm) wavelength (nm) 
Fig. 4.21: Illustration of readjusting method with reference wavelength for 
minimizing drifting effect. 
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Fig. 4.22: RMSEP plots of readjusted spectral without normalized (a), (d) and with 
normalization by water subtraction (b), (e) and water division (c)，(f) with reference 
wavelength of 775nm and 952 nm, respectively. 
Readjusting the spectrum using 775 nm and 952 nm as the reference has been done 
and the selected RMSEP plot is shown in Fig. 4.22. 775 nm is chosen because it is 
the 3rd overtones of N-H bonding which does not contain glucose information 
theoretically. 952 nm is chosen because it is the overtones of O-H bonding which 
does give slight contribution on absorption and the variation is relatively small in that 
range�From the RMSEP plot, it is obviously shown that the prediction result is 
different as the spectrum has been modified a lot. However, the trend of the data 
pattern interpreted by RMSEP plot is preserved when analysis with a narrow window, 
as shown in Fig. 4.22. The circled positions show the consistency of the data pattern 
where the data in that region should relatively give more information correlated to 
glucose. Although the RMSEP plot is deformed, it does not matter as the most 
important point is to seek for the range of data which represents the glucose 
information as much as possible with appropriate pre-processing treatment. 
It is obvious to show that the average RMSEP of raw data has been improved by 
comparing with the RMSEP plot of raw data without readjusting as shown in Table 
4.9. The RMSEP value obtained by the new approach is comparable to the RMSEP 
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value obtained by normalized raw data without readjusting. However, the RMSEP of 
normalized raw data with or without readjusting does not show much difference. No 
matter how, the raw data readjusting does minimize the large drifting effect added on 
the raw spectral data. Therefore, it is worth seeking a wavelength corresponding 
absorbance uncorrelated to the measuring sample as a reference. Besides 775 nm and 
952 nm, 653 nm is also chosen because it was found that the spectra crossover at that 
wavelength after normalization as shown Fig. 4.20 (c) and (e). It indicates the 
absorbance at that wavelength may not relate to glucose as much as others. Other two 
wavelengths have been chosen by finding the maximum and minimum variation in 
the absorbance value. Fig. 4.23 summarizes all the RMSEP plot of the readjusted 
spectral data of these wavelengths. 
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Fig. 4.23: (a) RMSEP plot of raw data; RMSEP plot of readjusted data with reference 
wavelength of (b) 653 nm; (c) 775 nm; (d) 934 nm; (e) 952 nm 
This method can definitely improve the prediction performance when the drifting 
effect is very serious. The improvement performance will be much better if the 
drifting effect is not time-variant. As the spectrometer is built with monochromator 
which scans through the spectrum wavelength by wavelength, the drifting caused by 
the thermal lamp is different from time to time. Therefore, the drifting added to the 
spectrum is not constant as a whole. Anyhow, it is a possible method for minimizing 
the drifting effect when the normalization by water in the measuring sample is 
unavailable. 
4.4 Experimental results of NIR-spectrum by commercial machines 
After studying the NIR spectroscopy method with self-established spectrometer, it 
was found that the spectral data contains the glucose information. It is shown 
repeatedly with the RMSEP plot of those experimental results. However, the 
prediction ability is very poor due to the large drifting noise raised by the thermal 
light source. It raised a question on the possibility of measurement using NIR for 
glucose measurement. Therefore, commercial spectrometers are employed to verify 
the possibility. Besides, in order to verify the findings done with self-established 
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spectrometer, three different commercial spectrometers were used as it is believed 
that the drifting effect and the signal-to-noise ratio should be better than 
self-established spectrometer. 
In this session, three experimental results obtained by different spectrometers will be 
presented. The first two experimental results are obtained with the help of two 
companies, Bmker Optics and Guyline. The third one is obtained by the FOSS 
machine provided by the Department of Applied Biology and Chemical Technology 
of Hong Kong Polytechnic University. Data analysis and comparison will be 
discussed in the following sessions. 
The following table summarized the information about the experiment parameters 
used in the three different experiments and the minimum RMSEP of raw data 
achieved by the three different spectrometers. The recorded spectral data by those 
three spectrometers are plot in Fig. 4.24. 
Bmker Optics Guyline PolyU 
Machine Vector-22N/C NIRSystem 6500 — NIRSystem XDS 
Technology FT-NIR Dispersive NIR Dispersive NIR 
Resolution used 3.857 cm—i 2 nm 0.5 nm 
(0.267 - 1 nm)  
Spectrum range 11995-6250 cm"^  400 - 2498 n m ^ 400 — 2500 nm 
(833 - 1600 nm)  
No. of data pts, /spectrum 1600 data pts 1050 data pts. 4200 data pts. 
No. of scan / spectrum 32 ^  
Sample prepared (mg/dL) 30, 60’ 90, 120, 150， 30, 60, 90，330, 0, 50，100, 150, 200, 
180, 450, 480, 510， 360, 390 250, 300，350, 400, 
540 450, 500, 550 
Total no. of spectrum ^ ^ ^  
no. of spectrum for cal. ll 1_8 ^  
no. of spectrum for pred. 9 12 ^  
Size of window used (nm) vary with about 50 nm step-size  
^RMSEP of full spectral 219.9766 m g / d L 1 4 1 . 1 4 5 2 m g / d L 1 3 4 . 9 8 4 0 mg/dL 
data  
Minimum RMSEP of 132.2661 m g / d L 3 6 . 2 8 8 3 mg/dL 62.1733 mg/dL  
raw-data @ -980 - 1000 nm @ 2162-2462 nm @ 2059 - 2409 nm 
Table 4.6: Summarized information of three different experiments 
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Absorption Spectrum obtained by Vector-22N/C Absorption Spectrum obtained by NIRSystem 6500 
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Fig. 4.24: NIR spectra obtained by (a) Vector-22N/C; (b) NIRSystem 6500; (c) 
NIRSystem XDS 
From the obtained spectra, no any concentration information can be observed 
directly by just comparing the intensity changes like those spectral data obtained 
from self-established spectrometer. However, the drifting effect of the spectral data 
obtain from commercial machines is much smaller. As the drifting effect is much 
smaller, the samples prepared for investigation are in the range of 0 mg/dL to 600 
mg/dL. Although the drifting effect is smaller, all the spectral data are overlapped 
together without logical pattern. Therefore, PLS regression method has been 
employed to decompose the spectrum into some useful information for comparison. 
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RMSEP parameter is used for comparison because it can indicate whether there is 
any portion of the spectrum correlated to the concentration. In order to evaluate the 
possibility of using NIR approach for glucose measurement, the wavelength range of 
those low RMSEP value is compared to the wavelength range of standard 
characteristic peak of glucose obtained from encyclopedia of analytical chemistry 
[44]，as listed in Table 4.7. 
Wavelength Features: 
2270 nm single absorption in the C-H combination region of glucose 
2000 - 2500 nm corresponding to vibrational combination bands of glucose 
1400 - 1800 nm corresponding to overtone absorptions of glucose (0-H) 
950 一 1250 nm corresponding to overtone absorptions of glucose (0-H) (C-H) 
850 - 950 nm corresponding to overtone of absorptions of glucose (C-H) 
Table 4.7: Standard characteristic peaks of glucose 
In the following figure, three representative RMSEP plots of each experiment would 
be chosen for comparison. The remaining plots are attached in the appendix H for 
reference. 
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NIRSystem XDS (with 0.5 mm path length)： 
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Fig. 4.25: Selected RMSEP plot analyzed from the raw data measured by (a) 
Vector-22N/C (b) NIRSystem 6500 (c) NIRSystem XDS 
Among of three experiments, NIRSystem 6500 seems be the only stranger as its 
shape of the plot is not similar to the other two. Although NIRSystem 6500 gives the 
minimum RMSEP, the average RMSEP is not the smallest one. Besides, the strange 
RMSEP pattern is different from the one of FT-NIR and another Foss machine. 
Therefore, NIRSystem 6500 will not be involved in any discussion as there are no 
any clues. The troughs of RMSEP plot indicate the corresponding glucose 
characteristics. The results are summarized in the following table. 
Machine Summarized comparatively better Corresponding glucose features 
correlation region  
Vector-22N/C 917 -950 nm S''' overtone 
965 - 1003 nm overtone 
1171 - 1227 nm overtone 
1328 - 1400 nm water absorption  
NIRSystem 65001456 - 1886 nm overtone 
2188 - 2388 nm vibrational combination  
NIRSystem XDS 902 - 1002 nm overtone & 2"�overtone 
1086- 1186 nm overtone 
1494 - 1594 nm l " overtone 
1604 — 1704 nm overtone 
2106 - 2206 nm vibrational combination  
Table 4.8: Summarization of small RMSEP value and its corresponding glucose 
characteristics 
As the RMSEP value obtained is very large, the spectra seem impossible to be used 
as a quantitative analysis of glucose concentration. However, the plot is good for 
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figuring out the useful wavelength region for further study. By comparing the region 
from 833 nm to 1600 nm, the troughs of RMSEP of Vector-22N/C and NIRSystem 
XDS match each other, although the average RMSEP of Vector-22N/C is much 
higher than that of NIRSystem XDS. Usually, chemist observes the peaks of 
absorption spectrum for chemical determination. However, the concentration of the 
glucose to be investigated in the research is too low (about 0.01% to 0.06 % of 
glucose in water). The original spectrum profile is just the profile of water. As 
analyzed before, RMSEP plot is used to reveal the hidden information from the 
original absorption spectrum. Although the profile is water, the uneven changes with 
respect to different wavelengths caused by glucose can be extracted by PLS 
regression method. Therefore, RMSEP plot can reflect the absorption peak of glucose 
from the broaden absorption spectrum. 
Although the spectrum is not good enough for quantitative analysis, it does give 
important information by RMSEP plot. It is obvious to notice that the RMSEP of 
overtone region and the vibrational combination region is smaller on average and the 
RMSEP of 2nd overtone region is also smaller chan the one of overtone region. It 
also matches with the fact that the absorbance is larger when the transition energy is 
lesser. From this point of view, it is believed that the poor RMSEP is due to the 
random offset drift of the spectrum lowering the SNR. The problem is as the same as 
the experiments done by self-established spectrometer but the drifting effect is much 
better. In such a low concentration, the spectrum alteration due to the change of 
glucose concentration is very small. Theoretically, the increase in absorbance with 10 
mg/dL increment in concentration is in the order of 10'^  at most [47]. Therefore, a 
slight fluctuation of the baseline can readily hide the concentration information. 
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As the SNR is not very good, data pre-processing is applied to the spectral data as 
done in previous session in order to verify if the normalization method is consistent 
for NIR spectrum analysis. The method is applied on the raw data measured by 
NIRSystem XDS. As per the other two data sets do not consist of 0 mg/dL, therefore 
the test will apply on the data obtained from NIRSystem XDS only. 
Raw data Raw data subtracting by water  
RMSEP of raw .ata with win-size of: 10Onm ^“―^ r l 丄 ‘ .‘i_ • 
d RMSEP of raw sub： by water with win-size of 100nm 
250 • —^—^  300r ‘  
M. , '' 1 A 
20G 1 • ^^ ^ J 峡 i k 
: CL 200 i , I j\ \A -
§150.:/,’ U i j： . f l . H ^ ' N ' J i I V 
^ :r V 人，l.j: ！ •• •r ‘ 比 too::. J -
100 
50 [ , ^ , I % 500 1000 1500 2000 
0 5G0 1000 1500 2000 Window number 
Window number  
minimum RMSEP: 67.2427 mg/dL @ 2106'" window minimum RMSEP: 26.8227 ms/dL @ 1152"" window 
Table 4.11: Comparison of RMSEP plot between original raw data and normalized 
data by water spectrum (with the data obtained by NIRSystem XDS). 
By applying the region indicated by the minimum RMSEP for establishing a 
calibration model, the prediction ability has been evaluated as shown in Table. 4.11. 
The predicted value of the model established with pre-processing data is much closer 
to the expected value. It can be indicated by the correlation value, R value.  
Raw data Raw data subtracting by water  
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R value: 0.92288 R value: 0.99228 115 
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Table 4.12: Comparison of prediction result with the model established by original 
raw data and normalized data by subtracting water spectrum (with the data obtained 
by NIRSystem XDS) 
The prediction result of RMSEP: 26.8227 mg/dL, using NIR spectroscopy for 
measuring the concentration of glucose is encouraging. Although the good prediction 
result adopts the fundamental stretch combinations of glucose, the RMSEP plot also 
indicates that the normalized data can give a RMSEP value on average below 100 
mg/dL in overtone and overtone region of corresponding characteristic peak of 
glucose. Therefore, employing overtone region is possible once the noise can be 
suppressed further. 
As proposed in the session 4.3.1，the new method can eliminate the drifting effect by 
using a reference wavelength. Besides, background spectrum is not necessary for 
establishing the calibration model. The method is now applying to the spectral data 
obtained from NIRSystem XDS to see if the method gives similar improvement. 
Several wavelengths are chosen as a reference. The criteria for choosing based on the 
wavelength which is relatively uncorrelated with the absorbance of glucose. The 
RMSEP plots of those results are enclosed in appendix H. On average, the minimum 
RMSEP in each plot can achieve to about 50 mg/dL. Therefore, the method does give 
some improvement. After reviewing those RMSEP plots, it is found that with the 
wavelength of 1880nm as the reference gives the best result of 24.34 mg/dL. 
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RMSEP plot Prediction Result 
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Table 4.13: RMSEP plot of the data using the new proposed normalization method 
with the reference wavelength of 1880 nm (data are obtained by NIRSystem XDS) 
According to the calculated result, the best RMSEP value is obtained with the 
normalized data ranging from the wavelengths of 1229 nm to 1679 nm which is 
corresponding to the overtones of glucose absorption characteristic. It is an 
exciting result as the new proposed normalization method does helps to improve the 
spectral data for establishing a much better prediction model. However, a massive 
calculation should be done in order to give a more robust and reliable conclusion on 
which region should give a better prediction model. For the result presented here can 
be classified as a robust and reliable result because the trough is not quit sharp. On 
the other hand, the region of data slightly forward and backward can also give a 
relative good prediction result. It is sometimes essential as the temperature increased 
or decreased, those absorption peaks will shift a little bit. Therefore, the prediction 
result may not be worsened by the temperature difference. It also shows that RMSEP 
plot can give a better picture for analysis and determination of the useful spectral 
data for establishing prediction model. 
4.5 Instrumentation limitation of NIR spectrometer 
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After reviewing many papers [35 - 44], more than 80% of research work on NIR 
spectroscopy measurement of glucose uses the wavelength ranging from 1300 nm or 
above. For the wavelength ranging from 1300 nm or above, overtone and 
combinations of C-H bonding and O-H bonding contribute to the NIR absorption. 
Wavelength below 1300 nm does not give much contribution as those above 1300 
nm because they are classified as or overtones. According to literatures [48， 
49], the absorbance change of 4 x 10'^  will be measured around 1600 nm at the 
glucose concentration change of 10 mg/dL. Therefore, the absorbance change will be 
much smaller for the and overtone region. On the other hand, the drifting 
noise should be suppressed as much as possible in the scale of 10"^  absorbance at 
least. 
By referring to Fig. 4.18(a)，the drifting of the spectrum is nearly the same as the 
transmittance difference between two samples with the concentration difference of 
1000 mg/dL. As a result, the estimation will be nearly ±500 mg/dL. This is also the 
range of the RMSEP value calculated with the raw data as shown in Table 4.9. The 
main error source of drifting is due to the thermal lamp, halogen lamp. Therefore, 
one of the solutions is to employ solid-state lighting device. However, solid-state 
lighting device does not give a broadband source and long wavelength above 1540 
nm [59]. 
Besides the drifting problem, thermal noise is another crucial noise during 
measurement. Most of the design making use of nitrogen cooled photo-detector for 
minimizing the thermal noise. It does really help but the cost is very large. 
Fortunately, thermal noise is in inverse proportional to a square root of the number of 
averages. It is the reason why up to hundred scans is required in NIR spectroscopy 
for each measurement, especially using FT-NIR spectrometer. Besides, another 
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cheaper solution is to employ a peltier cooler to form a room for the detector in order 
to stabilize the environment in relative low temperature. Finally, a detector with large 
sensing area gives lower thermal noise. 
4.6 Session discussion and conclusion 
In the research, a self-established NIR spectrometer is built for investigating the 
possibility and the limitation of using NIR spectroscopy for estimating the 
concentration of glucose in solution. Although the concentration of glucose used in 
self-established NIR spectrometer is about 5 times higher than the physiological 
glucose level, it is still in low concentration ( � 0 . 1 % to 0.3% glucose in solution). 
According to the experimental results, it shows that the drifting effect is significant. 
Even though when the signal (absorptivity) of overtones is much better than the 
one of 3rd overtones, the alterations caused by glucose are relatively much smaller 
than the drifting. Besides, the monochromator used in the spectrometer scans the 
spectrum wavelength by wavelength. Therefore, the drifting effect is time-variant. It 
makes the SNR of the spectral data more badly. Data pre-processing is necessary for 
suppressing the drifting effect in order to increase the SNR. 
According to the experimental results done by self-established spectrometer, the 
spectral data are contaminated by drifting effect. As studied before, appropriate data 
pre-processing procedure can improve the SNR of the spectral data to give a better 
prediction model. Besides data pre-processing, the most direct method to reduce the 
drifting effect is to stabilize the whole system. Therefore, commercial spectrometers 
are employed in order to verify the capability of using NIR spectroscopy for glucose 
estimation in physiological level. In the research, FT-NIR and dispersive NIR spectra 
have been obtained with different spectrometers. It is difficult for author to compare 
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the advantages and disadvantages because author did not go through the experiment 
with FT-NIR machine but only the one of NIRSystem XDS. Theoretically, FT-NIR 
should give better throughput for measurement and SNR performance. However, the 
result obtained cannot verify the point. Anyhow, the aim of the research is not to 
compare dispersive and FT-NIR spectroscopy but the ways of data interpretation and 
spectral data analysis with the absorbance of the chemical with respect to wavelength. 
Besides, another aim of the research is to study the possibility and the limitation of 
using NIR spectrum for glucose measurement. 
From the point of view of the spectrum itself, the SNR is high enough for observing 
the absorption profile of the sample even for the self-established spectrometer. In the 
research, the ratio of water to glucose of the glucose solution is more than 99.7 %. 
Therefore, the spectrum obtained is the absorption profile of water. However, the 
interested information is the concentration of glucose. On the other hand, the 
alteration of glucose concentration should change the profile of water spectrum. Such 
small changes cannot be revealed by observing from measured spectrum directly. 
Additionally, the drifting effect caused by the unstable thermal lamp, halogen lamp, 
decreases the SNR with respect to the alteration in the absorbance. As mentioned 
before, the changes of absorbance is in the order of 10"^  for 10 mg/dL change in 
glucose concentration. With the help of PLSR segmentation analysis method, the 
spectrum is broken down into many small segments for establishing a calibration 
model for glucose estimation with using portion of spectral data but not the whole. 
PLSR algorithm tries to extract the most correlated information from the selected 
region of data. If the noise is small enough, the characteristic peak information can 
then be revealed in the RMSEP plot with minimum values, troughs. Besides, the 
greatest advantage of the RMSEP plot is to determine the best region of the spectral 
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data for extracting the glucose information for a specific instrumentation setup. 
According to the measured result from NIRSystem XDS and self-established 
spectrometer, some important points can be concluded. The following table tries to 
list the findings based on the experiments. 
findings: remark;  
Match with characteristic peaks of glucose: 
920 - 1100 nm overtone) 
1100 - 1200 nm overtone) 
1480 - 1600 nm overtone) 
2000 - 2100 nm (combinations) 
2110-2200 nm (combinations) 
Here summarized the most frequent occurrence of troughs in RMSEP 
Useful region for glucose plots calculated from different spectral data obtained from different 
detection: machine. 
The position and the shape of the RMSEP plot may not necessarily be 
the same after pre-processing treatment has been applied, since the 
spectral data have been modified. 
RMSEP plots with different window size are calculated in order to find 
the most representative data for establishing a model for estimation. 
The RMSEP plots are attached in the appendix G and H. 
It is difficult to conclude which extract spectral data segment is the 
best representative from the analyzed data, because different 
experimental platforms have its own instrumentation noise which will 
modified the characteristics of the spectral data. Besides, the drifting 
noise caused by time-variants scanning acquisition and instantaneous 
acquisition is different. In short, RMSEP plot shows the consistence 
between the measurements with using the same setup, but not so 
between different experimental platforms. Therefore, different 
Siz^e of window {useful machines give different results, but some major troughs remain 
spectral data segment) corresponding with shift. 
似ed in RMSEP analysis. 工打 order to have complete picture on finding the best representative 
data, different size of window has been tried. Usually, relative small 
window size gives more information. According to the analyzed data, 
window size with 60 to 120 nm gives relative good performance at 
several specific ranges of spectral data. 
In short, RMSEP plot analysis with different window sizes can help to 
determine the suitable range of spectral data for correlating with 
glucose information. 
As per the literature [44], 2270 nm is the single absorption in C-H 
combination region of glucose. However, it cannot be quantified from 
the spectral raw data. One of the reasons is the standard peak found by 
. chemist using glucose powder instead of glucose solution. In glucose 
^ , . g solution, water is the major content which will shift the peak of 
‘ glucose. Besides, the temperature variation will also shift the peak of 
absorbance. Finally, the bonding energy between the molecules is 
varying in liquid state as they follow Brownian motion. 
Therefore, single wavelength measurement is not encouraged instead 
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of multi-wavelength measurement. 
Table 4.13: Summarize the findings from the analyzed data. 
According to the present results, it is believed that NIR spectrum analysis is possible 
for glucose measurement in physiological concentration range. There are not much 
difference in between the spectral data obtained from self-established spectrometer 
and commercial spectrometer. However, it is obvious that the offset drift of those 
delicate commercial spectrometers is relatively smaller. Comparing the performance 
of different spectrometers with RMSEP value, the self-established spectrometer does 
give a very poor result. Therefore, there are lots of problem to be solved in order to 
achieve the quality of commercial products or even the acceptable RMSEP value, 
10 - 20 mg/dL, for glucose detection. 
In order to evaluate the possible reasons for poor result in self-established setup, it is 
better to compare the difference between the commercial spectrometer and the 
self-established one. As author only did the experiment with NIRSystem XDS and 
the self-established spectrometer, the comparison is based on these two machines and 
their experiments. 
Although both machines are classified as dispersive NIR spectrometer as both of 
them use dispersive component for light decomposition, the scanning protocol is not 
really the same. NIRSystem XDS scans each spectrum for 32 times to obtain an 
averaged spectrum (400 — 2500 nm with 0.5 nm resolution) within one minute while 
the self-established machine requires nearly 15 minutes for one spectrum (600 — 
1200 nm with 1 nm resolution). Averaging has been also applied but the scheme is 
different from the one of NIRSystem XDS. Each absorbance value is calculated by 
averaging 80 points with 80 Hz sampling rate. The aim of averaging for both 
machines is to minimize the random noise induced by the measuring environment, 
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thermal noise of the detector and the acquisition error (quantization error of A/D 
process). However, the main problem which lowers the SNR is the drifting problem 
raised by the unstable halogen lamp. The drifting problem directly overwhelms the 
absorbance information which solely consists of the concentration information. The 
effect of drifting to the commercial machine and the self-established spectrometer is 
different. The NIRSystem XDS uses photo-array to measure the spectrum therefore it 
can obtain the spectrum in very short duration (2 scans/sec). As the whole spectrum 
is recorded at the same moment, the drifting effect added on the spectrum is 
relatively constant to different wavelength compared to the scanning protocol one. 
On the other hand the self-established spectrometer scans the spectrum wavelength 
by wavelength, the drifting effect then becomes time-correlated, and is relatively 
difficult to remove. During the experiment with self-established spectrometer, the 
variation of temperature near the sample tube for each measurement is about ±0.4°C 
for one hour duration. Therefore, the fast and instantaneous spectrum measurement 
can minimize the effect, because all the values are obtained at the same time and the 
offset drift to the spectrum due to the temperature variation will be nearly constant. 
As proposed in the last session, the drifting effect can be minimized by setting the 
absorbance of the reference wavelength be the same. According to the preliminary 
analysis result, it does improve the prediction error from -500 mg/dL to -200 mg/dL 
with the spectral data of the and the overtones. For the spectra measured by 
self-established spectrometer, the drifting effect added to the spectra is 
time-correlated. One the other hand, the drifting level of different wavelength is 
different as they are not measured at the same time. Therefore, it is believed that if 
the spectrum is obtained instantaneously, the improvement by the proposed 
readjusting method will be enhanced. 
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Another obvious difference between the two experiments is the method to handle the 
sample, which is illustrated in Fig. 4.26. 
glass-made glass-made 
cylindrical breaker cylindrical breaker 
^ I 
sample solution ^ / 
^ ^^ ^^ ^^ ^^ ^^ ^^ ^ „ 一 一 一 〜 、 / 
；5 ^^^^ 
gold covering . incident light transmitted light 
plate -^ll L_i 丨 1-"：=^  0 .25 m m , � 
s r * 个 —^、 
incident light i ^ ref lected light 10 m m 
(a) (b) 
Fig. 4.26: (a) sample handling method used in NIRSystem XDS experiment; (b) 
sample handling method used in our laboratory 
Three major differences can be observed from Fig. 4.22: 
1) The NIRSystem XDS measures the reflectance while the other one measures the 
transmittance. 
2) The path difference of the light passing through the sample is different. The path 
difference for NIRSystem XDS is 0.5 mm while the other one is 10 mm. 
3) The light path in the sample solution is uniform with the sample holder used in 
NIRSystem XDS while the light path varies in the cylindrical glass tube if the 
position of the tube is slightly shifted from time to time. 
Among the three differences, the measurement mode should not give any difference 
or effect on the measurement accuracy; path difference mainly affects the SNR ratio 
according to Lambert-Beer Law; the positioning repeatability does affect the result 
very much because it changes the light path, especially the cell holder used is 
cylindrical in shape. 
In short, according to the experiments underwent, it is believed that NIR 
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spectroscopy approach is possible for glucose detection in low concentration. A 
number of suggestions for improvement will be discussed in the future work session 
in Chapter 5. 
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Chapter 5: Discussion and Conclusion 
5.1 Research aim and contributions 
In this research, two optical approaches have been performed to investigate the 
possibility of measuring glucose in low concentration situations, which corresponds 
to physiological blood glucose concentration. Also, the limitations and criteria of the 
measuring systems are studied for future improvement. 
SPR experiment done in the research has been first promoted to measure glucose in 
water at a low concentration ranging from 0 mg/dL to 600 mg/dL according to the 
published papers [15, 16]. As well, it is also proved that the simulation result 
proposed by Homola and Wang [16, 20] with high resonant wavelength gives better 
resolution with the use of Germanium detector and 1120 nm as the initial resonant 
wavelength. The resolution is improved from 65.79 mg/dL to 21.37 mg/dL. 
PLSR method has been introduced in the application of SPR data for establishing a 
calibration model for prediction. However, compared with conventional calibration 
method used in SPR data, PLSR only gives a very small improvement. 
NIR spectroscopy measurement has also been studied. The preliminary result shows 
it is possible to measure low concentration glucose with NIR spectroscopy approach. 
The best prediction error measured by RMSEP is about 24 mg/dL with appropriate 
normalization of the raw spectral data. In order to realize the NIR spectroscopy 
measurement, a computer controlled spectrometer based on monochromator has been 
setup with a data acquisition device in the laboratory. The preliminary result obtained 
by the self-established monochromator is very poor; a lot of improvement has yet to 
be done. The limitation and instrumental requirement are studied from the point of 
view of the experimental result and analyzed spectral data. 
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Another contribution is the proposed data analysis interpretation method, RMSEP 
plot, based on segmentation analysis using PLSR. The predictability of PLS model is 
measured by RMSEP value. RMSEP plot is defined as finding the RMSEP values of 
segmented spectral data with fixed segment size from the beginning of the spectral 
data for each plot. The RMSEP plot indicates the useful data segments for 
establishing the calibration model. Different RMSEP plot with different data segment 
size can be used to determine the best describing region of interest. Besides, it is 
useful to reveal the characteristic peaks of chemicals in NIR spectrum especially 
when the SNR is not high enough to observe any alterations in raw spectral data. 
The last contribution is the pre-processing treatment for suppressing the large drifting 
effect raised by thermal lamp or halogen lamp. The drifting effect can be observed 
readily from the raw measured data obtained from the self-established spectrometer. 
Not all wavelengths are absorbed by glucose, those wavelengths, which are not 
absorbed by the glucose and other chemicals of the sample, can be used as a 
reference. Therefore, the reference is assumed to be constant even if the 
concentration of the glucose in the sample is different. The variation in absorbance of 
these wavelengths can then be treated as drifting noise. The offset of the spectrum is 
readjusted so that the absorbance of those wavelengths is the same. Thus, the noise 
raised by the large drifting effect is greatly minimized. For the analyzed data 
originally obtained by the self-established spectrometer, the RMSEP value is 
improved from �500 mg/dL to -200 mg/dL on average. For the analyzed data 
originally obtained by a commercial spectrometer gives the RMSEP value as good as 
about 24 mg/dL. 
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5.2 Discussion on experiments 
SPR experiment: 
SPR is a very sensitive experiment platform which can detect the changes of 
refractive index in the order of 10"^  RIU. Therefore, it is capable to measure the low 
concentration glucose solution. However, the setup is very sensitive so that the noise 
from surrounding environment causes large reading fluctuations when measuring a 
low concentration solution. From the experimental result, the setup gives a good 
resolution. However, the repeatability is not good enough for estimation of future 
measurement. The following outlines the possible reasons for poor repeatability. The 
thermal light source is heating up the sensing environment which will in turn alter 
the sensing parameters. Therefore, the SPR profile is altered. Moreover, the thickness 
of the gold film is in the order of nanometer, which can be easily washed away by 
flowing solution. Therefore, the film should be changed after a certain amount of 
measurements. Also, the sample chamber can be modified to a better structure in 
order to minimize the bubble trapping which affects the measuring result. 
The higher resolution has been achieved with the employment of longer resonant 
wavelength and Germanium. However, the preliminary study used the foot of the 
linear region of SPR profile. This will limit the dynamic range for detection. Further 
study on finding the suitable resonant wavelength for maximum resolution with 
reasonable dynamic range is necessary. 
However, no matter how the resolution and the stability are improved, the limitation 
on the detection method cannot be changed. Sample is required to be obtained for 
interacting with the sensor. Therefore, non-invasive measurement cannot be realized 
using SPR approach. 
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NIR spectroscopy experiment: 
NIR spectroscopy is commonly used as a qualitative analysis on chemical 
identification because the absorption profile of NIR spectroscopy is relatively broad. 
As shown in chapter 4, the spectra obtained are mainly water profile as the water 
content is more than 99.9%. In order to distinguish the different concentration, the 
difference in absorbance with respect to wavelength absorbed by glucose should be 
detected. As the alteration is in the order of 10"^  absorbance unit, delicate design is 
necessary for achieving a stable and repeatable measurement. 
It is believed that the scanning time for one spectrum is very important for giving a 
good SNR because the random drifting noise can overwhelm the interested 
information in the spectrum. Besides, the light path should be consistent among 
different measurements. Otherwise, the changes of absorbance will depend on two 
variables at the same time, concentration and path difference, as described by 
Lambert-Beer law. 
According to the analysis based on RMSEP plot, further investigation can focus on 
several regions as listed in chapter 4. Besides, with proper choice of segment size for 
particular region, the RMSEP value of those characteristic regions can be extended 
below 100 mg/dL, even for those overtone regions. The most crucial obstacles to 
be overcome are the drifting and acquisition accuracy. With the proposed readjusting 
method, it is believed that making use of the relative glucose uncorrelated 
wavelength can suppress the drifting problem. If more than one glucose uncorrelated 
wavelengths are involved, further investigation on regression algorithm may further 
enhance the prediction performance. 
For NIR spectroscopy, it is difficult to distinguish the static glucose concentration 
precisely and repeatedly at this moment. However, it should be possible to monitor 
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the changes of the glucose profile for OGTT testing. The alteration of glucose 
concentration can be monitoring with NIR spectroscopy approach continuously when 
having standard glucose dosing test. 
Data analysis method: 
PLSR approach gives much better result in NIR spectral data instead of SPR spectral 
data. It is reasonable because PLSR employs independent variables instead of 
dependent variables. In SPR spectral data, the shifting effect is completely induced 
by the SPR effect. On the other hand, the collinearity of SPR spectral data should be 
very high. Therefore, not much "independent" information can be used for PLSR 
algorithm to extract those interested information. 
For NIR spectral data, PLSR can make use of all the absorbance with independent 
wavelength. PLSR segmentation analysis is used to evaluate the performance of the 
model established by a selected spectral data with the calculated RMSEP value. 
Although different pre-processing treatment modifies the spectral data and gives 
different shape of RMSEP, the major troughs can be observed with small shift. The 
aim of pre-processing treatment is to minimize random noise and thermal drifting. As 
presented in Chapter 4, readjusting absorbance with reference wavelength does give 
improvement on estimation performance. However, the RMSEP is still too large. 
More pre-processing methods can be investigated and weighted PLSR algorithm for 
glucose specific calculation can be studied also. However, it is believed that the 
pre-processing methods cannot do much more improvement as the SNR is really 
small. Hardware design on instrumentation is much more appreciated in order to 
minimize the measurement error. 
Data pre-treatment process is necessary for improving the spectral data especially 
NIR spectral data as shown in Chapter 4. Normalization without using background 
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Spectrum is a very important for invivo measurement as it is quite impossible to 
measure the background of the human body. Besides, the newly proposed 
normalization approach and the RMSEP plot analysis can help to simplify the 
measurement system by choosing the suitable spectral information for measurement. 
Possibility of blood sample measurement: 
As the ultimate goal of the research is to measure the blood glucose concentration of 
human, it is necessary to understand the major difference in between the 
measurement in aqueous environment and blood environment with the proposed 
methods. Aqueous solution used in the research contains water and glucose however 
blood solution contains much more other chemicals, like hemoglobin, different kinds 
of protein, fat, white blood cells, etc. Therefore, in order to measure the blood 
glucose is much more complicate and difficult. 
For SPR experiment, the experimental effect is based on the interaction of plasmon 
resonance with the molecules attached on the metal layer of the sensing region. 
Therefore, once the glucose molecules in the blood sample can be stuck on the metal 
surface, the concentration of the glucose can be measured by SPR quantitatively. 
For NIR experiment, the measurement principle is based on the data analysis of 
different wavelengths absorption. The absorption profile will be the summation of 
the absorption profiles of different chemicals found in the blood. Therefore, a large 
database and experiment should be done in order to construct a pattern for data 
analysis using PLSR approach used in this research. It is also why PLSR is chosen in 
the research as it does design for multi-variant analysis as the case in measuring 
blood sample. 
In short, the proposed optical methods have the potential for measuring glucose 
concentration in blood based on the measuring principle. However, lots of future 
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work should be done in order to realize the blood glucose measurement. 
Future work 
SPR experiment: 
The most challenging improvement in SPR setup is to increase the stability and 
repeatability of the system. A well-designed SPR setup should be robust in geometry, 
so that the optical condition will not change from time to time. Furthermore, the 
sensing area should be designed as a disposable part. Therefore, when the sensor part 
deteriorates, it is not necessary to rebuild the SPR setup in order to preserve the 
geometry structure. After changing the new sensor part, calibration with pure water 
can adjust the deviation raised by the new sensor. 
In this research, it was proved that the high resolution of the system can be achieved 
by using higher resonant wavelength. However, the dynamic range for measuring in 
turn becomes narrower. It is therefore important to find the suitable initial resonant 
wavelength for achieving resolution as high as possible. 
Finally, it is suggested to use photodiode array instead of using monochromator to 
scan the SPR spectrum wavelength by wavelength. Besides, the swing of the 
resonant wavelength from 0 mg/dL to 600 mg/dL is only around 10 nm. The 
resolution can reach 0.05 nm using an ordinary low-price photodiode array with 256 
diodes and proper design of optical arrangement. 
Further more, the experiment done in this research employed glucose solution 
instead of blood glucose. Due to the sensing limitation of SPR, glucose cannot be 
detected directly from mixture. Binding enzyme should be introduced in order to 
binding with glucose from blood for SPR sensing. According to the traditional 
method introduced in Chapter 1, it is possible to make use of those enzyme glucose 
oxidases and enzyme peroxidases as the agent to catch glucose from blood. More 
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investigation and bio-interaction study is necessary in order to measure the glucose 
from interstitial fluid with SPR technique for semi-invasive measurement. 
The design of sensor is necessary for future development. The present sensor design 
requires injecting sample solution with syringes. The amount of solution is relatively 
large. Therefore, it is not applicable for blood glucose or interstitial fluid 
measurement. For the sensor design aspect, the sensor manufactured by BIACORE is 
a good reference for small volume measurement. They use a sensor chip which 
consists of glass-metal layers. The sensor chip is disposable once the metal layer has 
deteriorated. In the research, a SPR sensor with optical fiber has been proposed. 
Unfortunately, the machining of the fiber is very difficult to control as illustrated in 
Fig. 3.27. No experiment can be carried out with such optical fiber. However, it 
should be a good design for measuring glucose concentration in human body by 
extracting interstitial fluid from a finger when it is pressing on the sensor surface. 
Therefore, future study on optical fiber sensor preparation is worthwhile for sensor 
design. A new sensor has been designed using optical fibers. However, there are no 
experimental result can be presented as there are still many problem on making the 
sensor. This will encountered as a future work for further investigation. 
(a) (b) (c) 
Fig. 3.27: Optical fiber sensor (a) the cladding is slightly cut; (b) the cladding is cut 
and the core is broken; (c) the cladding is cut and the core is just slightly cut 
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NIR experiment: 
Although it is hard to compare between NIR spectrometer and SPR setup, it is 
believed that NIR spectrometer can not give as high sensitivity as SPR setup. It is 
because the information of different concentration can be observed directly from the 
raw SPR spectral data but not from the raw NIR spectral data. However, it doesn't 
mean that NIR spectroscopy method is not applicable. With proper data processing, 
the "hidden" information can be extracted. In order to maximize the SNR 
performance, several aspects can be focused on. 
First, the scanning time is very crucial for preserving the useful information for data 
analysis, as mentioned in Chapter 4. Photodiode array as suggested for SPR 
experiment can be used. Besides, array of filters may be better improved when there 
is more than one region to be used for measurement and the positioning of 
photodiode will become a problem. Fig. 5.1 proposes a possible detector design for 
fast multivariable acquisition. 
photodiode array 
filter array ��� 
Fig. 5.1: photodiode array with filter array to form a matrix of photo-sensor for 
specific application use 
Furthermore, investigation on the effect of temperature variation to spectral data is 
necessary. Other proteins should be added to the sample for measurement in order to 
study the possibility that differentiates glucose from mixture. 
Data analysis: 
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Data analysis tries to extract valuable information from a pool of data which contains 
a lot of unwanted figures and noise. For SPR spectral data, the variable are not really 
independent as the SPR effect contribute to the shifting of the dip in terms of 
wavelength. Therefore, PLS regression analysis method is not really suitable. Simple 
linear regression with polynomial curve fitting is already good enough to extract the 
interested information. As the SPR spectral is relatively simple and noiseless, it is 
worthy to investigate the minimum data point which is enough for achieving high 
resolution and accuracy measurement with appropriate polynomial curve fitting 
technique. 
PLSR method is very important for quantitative analysis of NIR spectral data. 
However, not all the variables are useful for establishing a model for estimation. 
Suitable data pre-treatment process is necessary as mentioned before. Besides, smart 
selection of useful data segments can eliminate unwanted informations and noise. 
5.3 Conclusion 
According to the experimental results and analyses, it is believed that measuring low 
concentration glucose solution by means of optical approach is possible. Especially, 
NIR spectroscopy approach leads the measurement to be non-invasive. According to 
the experimental results of SPR, the measuring system itself does achieve a good 
resolution of detection. However, the alteration of measuring parameter due to the 
changes in glucose concentration at a low level is very small. Noise, especially 
thermal noise, from the measuring environment overwhelms the stability of the 
system. Besides, any slight physical alterations in any optical components affect the 
measuring result. Therefore, SPR itself may be too sensitive unless a rigid and robust 
design is available. Finally, SPR requires the contact of the sample with the sensing 
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area which means it is impossible to measure non-invasively. It is also the reason 
why NIR spectroscopy method is investigated in this research. 
According to the experimental result of NIR, the raw spectral data itself do not show 
any significant information about the concentration of glucose. Thereby, PLSR 
method is applied to explore the concentration information from the raw spectral data. 
However, the obtained result is very poor with the self-established spectrometer. It is 
found that the noise is mainly due to the unstable light source. Thereby, the 
absorbance fluctuates with respect to time. A series of data pre-treatment process 
were carried out to suppress the noise. Finally, a proposed normalization method 
with a reference wavelength enhances the spectral data content with better 
correlation with concentration of glucose. Besides, it takes an advantage that no 
background spectrum is necessary for normalization. The normalization method has 
also been tested with the data obtained by commercial spectrometers. The best 
RMSEP value obtained is about 24.43 mg/dL which encourage that NIR 
spectroscopy is possible for non-invasive measurement for glucose estimation in low 
concentration situations. 
In conclusion, the instrumentation limitation and data treatment and analysis methods 
were studied, it was found that there is still room for further improvement. Therefore, 
there are still lots of efforts to be invested in order to design a stable and accurate 
spectrometer for measurement. Besides, massive data analysis and investigation 
should be done in order to realize a robust and reliable prediction model based on the 
analyzed spectral data. Concerning the direction of research, it is worthy to 
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Appendix A: Different approaches for non-invasive glucose measurement 
Raman spectroscopy 
Raman spectroscopy based on the Raman Effect due to the vibrational and rotational 
energy levels of molecules. It is a kind of inelastic scattering of light and ultraviolet 
radiation. Once a monochromatic light beam passes through a transparent substance, 
some of the light will be scattered. Although most of the scattered light will have the 
same frequency as the incident light, some of them will have higher or lower 
frequencies than the incident light. The degree of the frequency change depends on 
inelastic collisions between photons and molecules leading to change the vibrational 
and rotational energy levels of molecules. So, by the law of conservation of energy, 
the changed amount of frequency indicates the loss or gain of the energy level of 
molecules. And the concentration of the blood glucose can be determined by loss or 
gain of the frequency of incident light and the shifted frequency. 
Photoacoustic spectroscopy 
Photoacoustic based on the technique of converting optical energy to acoustic energy. 
As the optical energy was emitted on the targeted sample, the molecules will absorb 
part of the optical energy and re-emitted as optical energy or transformed as heat 
energy. The heat energy emitted will heat up the targeted region as a result the 
volumetric thermal expansion occurred. Such changes will cause the change in 
pressure, so the acoustic pulse will then be generated and can be recorded by 
piezoelectric detector. 
Scattering measurement 
Scattering measurement is similar to Raman spectroscopy measurement. Most papers 
refer scattering measurement as Rayleigh scattering measurement. Because Rayleigh 
scattering is a kind of elastic scattering, the photons of radiation are reflected by 
molecules that the energy level keep unchanged. So, the frequency of the scattered 
radiation does not change but the phase will be shifted. When concentration of the 
glucose increased, the refractive index of the sample will also increase. In turns, the 
degree of phase shift will be altered for calculating the concentration of glucose. 
Polarization measurement 
Polarization Measurement is the measurement of the rotation of linearly polarized 
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light when passing through a substance. The degree of rotation is depends on the 
refractive indices nL and nR for left and right circularly polarizing. The net rotation 
effect is the sum of two refractive indices. The polarization measurement is used to 
measure those chiral, asymmetry substances, since they will give the net rotation not 
equal to zero. Besides, the angle of the rotation depends linearly on the optical path 
length and the concentration of the targeted substance (should be chiral substances). 
The relation can be expressed as O = a L C. Where a is the specific rotation of the 
target at a specific wavelength, L is the optical path length while C is the 
concentration of the targeted sample. So, the concentration can be easily found out 
like using Beer-Lambert Law. 
For glucose in the human body, it is named D-Glucose. D-Glucose rotates the passed 
light in right-handed direction and has a specific rotation of +52.6°dm-l(g/ml)-l at the 
sodium D-line of 589 nm [24]. Glucose in human body is responsible for over 90% of 
the rotative effect of blood plasma. 
Radio Wave Impedance 
This technology is based on measuring the impedance of radio waves. Since 
impedance is proportional to the differences of amplitudes and phase of the detection 
beam and the reference beam. When the radio wave passes through non-ionic 
substance will attenuate the amplitude and shift the phase of the incident wave. As a 
result, the impedance will be increased proportionate to the concentration of the solute. 
And glucose is the highest molar concentration of non-ionic substance in the blood 
[25], so the interference from other substances is limited. 
In fact, these methods also suffer a common problem that other substances in the 
blood will also affect the measured value. And also the finger width and temperature 
will also affect the measured impedance. 
Interstitial Fluid Measurement 
Interstitial fluid is the body fluid within the space between cells. It resembles the 
plasma except that it has much less protein. Also, it does not contain any red blood 
cells and blood platelets. But it has some white blood cells squeezed out of the 
capillaries while the concentration is relatively lower than in the blood [26；. 
The most common technology used with interstitial fluid analysis is ionization, named 
"reverse iontophoresis". The fluid is extracted from the skin surface without any pain 
by applying an electrical current. The current will then pull out salt, which is in ionic 
form, together with water, glucose, etc. As interstitial fluid do not have much protein 
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then in blood capillary, the noise raised by protein, haemoglobin, etc will be reduced 
tremendously. The glucose concentration of such extraction of interstitial fluid is 
proportionate to the glucose in blood [25]. 
There are some problems [25] in measuring glucose using interstitial fluid. First, the 
measurement from the interstitial fluid has a time lagging of about 20 minutes from 
the beginning of the extraction measurement. As a result, if there is a rapid changing 
or fluctuation in blood glucose level, it is impossible to figure out. And it may cause 
serious problem. Second, the concentration of glucose in the extracted interstitial fluid 
is one thousandth of the glucose in blood. So, it is not easy to measure. 
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Appendix B: Calibration model of the SPR experimental result with 1120 nm as 
initial resonance wavelength 
,DTTT� 1.332973 1.333029 1.333057 1.333085 1.333113 1.333141 1.333169 (KlU) 
Cone. 0.00 40.00 60.00 80.00 100.00 120.00 140.00 
1st trial 1118.19 1120.60 1121.81 1123.02 1124.22 1125.43 1126.63 
2nd trial 1119.40 1119.40 1120.60 1121.81 1123.02 1126.63 1126.63 
3rd trial 1119.40 1120.60 1121.81 1124.22 1125.43 1125.43 1129.05 
4th trial 1120.60 1123.02 1124.22 1123.02 1125.43 1124.22 1125.43 
5th trial 1119.40 1123.02 1124.22 1124.22 1125.43 1126.63 1127.84 
6th trial 1121.81 1121.81 1123.02 1126.63 1127.84 1126.63 1127.84 
7th trial 1120.60 1123.02 1125.43 1125.43 1125.43 1126.63 1127.84 
8th trial 1120.74 1123.17 1123.17 1121.96 1125.61 1126.83 1123.17 
9th trial 1121.96 1123.17 1124.39 1126.83 1124.39 1121.96 1128.04 
10th trial 1120.74 1121.96 1124.39 1126.83 1124.39 1125.61 1126.83 
Resonant wavelength VS concentration 
f 1127 y-=0.0468i.+1120,3 \ � , , , '/:;:::,. ；：；/. ： ；;, ；：;；.：：^ 
5 1126 - , ： R^ ^ 0.9897 -； ？ ： ‘ � 二 I 
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Appendix C: Matlab program written for data analysis and simulation 
A) The following Matlab code does two tasks: 
1) gth order 800 points curve fitting with using the function "polyfit" 
2) minimum point readjustment 
load original—w_wavelength; 
centered_wavelength = (wavelength - mean(wavelength))./std(wavelength); 
more—pts = linspace(min(centered_wavelength),max(centered_wavelength), 
length(centered_wavelength) * 8),; 
more—pts2 = linspace(min(wavelength),max(wavelength), length(wavelength) * 8)'; 
f o r i = 1:9 
fo r j = l:10 
[P,S] = polyfit(centered_wavelength, eval(strcat('set', int2str(i), '—original—,, int2str(j-l))), 8); 
assignin('base', strcat(,set'，int2str(i),,—fitted_800pt—•，int2str(j-l)), polyval(P, more_pts)); 
min_absorbance_after_fitted(i, j) = min(eval(strcat('set', int2str(i), '—fitted—800pt_,’ 
int2str(j-l)))); 
wavelength—tmp = min(fmd(eval(strcat('set', int2str(i), '—fitted—800pt—•’ int2strG-l)))== 
min(eval(strcatCset', int2str(i), '—fitted—8OOpt」，int2strG-l))))))； 
min_wavelength(i,j) = more_pts2( wavelength—tmp); 
% re-adjusted the baseline 
assigninCbase', strcat('set', int2str(i), •_fitted_800pt_'’ int2str(j-l)),eval(strcat('set\ int2str(i), 
'_fitted_800pt_", int2str(j-1 )))-min_absorbance_after_fitted(i,j)); 
end 
end 





scrsz = get(0,'ScreenSize'); 
scrsz—array = [4 4 scrsz(3) scrsz(4)/1.135]; 
% options for pis modeling 
options.algorithm 二 'nip'; % 'nip' or ,sim 
options.display = 'off; 
options.plots = 'none';  
load chu_map; % variable: 
load fitted_800—pts_only—w—wavelength—all_data.mat 
load wavelength—800pts.mat 




fo r j = 1:10 
cal_data(j+10*(i-l),:) = all_dataG+10*(i*2-2),:); 





f o r j = 1:10 
pred_data(j+10*(i-l),:) = all—data(j+10*(i*2-l)，:)； 




Name_of_sample_o = [0 30 60 90 180 270 360 450 540 600]; 
Name—of—sample = [Name—of—sample—o Name_of_sample_o Name_of_sample_o Name_of_sample_o 
Name_of_sample_o]‘； 
Name_of_sample_for_pred = [0 30 60 90 180 270 360 450 540 600]; 
Name_of_sample_for_pred = [Name_of_sample_for_pred Name_of_sample_for_pred 
Name_of_sample_for_pred Name_of_sample_for_pred]‘； 
Name—of—all 二 [Name—of_sample; Name_of_sample_for_pred]； 
% testing for different segmentation with different window size... 
% defining the variable for counting 
win—count = 0; 
fig_count = 0; 
% defining the win "size" and "range"  
win—start = 2; ^ window size 
win—step = 2; 
win_end 二 length(all_dd);  
for kkk = [2 100 200 300 400 500 600 700 800] | 
win_count = win—count + 1 ； 
win—width = kkk; 











mean_std_pred2 = []; ^ 
RMSEP =[]; z scanning by shifting the window 
RSEP 二 •； 
for kk = 1 :length(all_dd)-win_width 
% separate into cal—data and pred_data 
count = 1 ； 
count2 = 1 ； 
% for i 二 l:length(files) 
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for i = 1:50 
segmented_cal_data(i,:) = cal_data(i, kk:kk+win_width)； 
i f i<=40 
segmented—pred—data(i,:) = pred_data(i, kk:kk+win_width); 
end 
end 
% building model 
pls_model = pls(segmented_cal_data, Name—of—sample, 2, options); 
% for prediction 
[yprdn, resn, tsqn,scoresn] = modlpred(segmented_pred_data, pis—model, 0); 
corresponding_y = [Name_of_sample_o； yprdn(l:10)'; yprdn( 11:20)'; yprdn(21:30)'; 
yprdn(31:40)']; 
% mean(std(corresponding_y - repmat(corresponding_y(l,:), 5,1))) 
pred—diff = corresponding—y - repmat(corresponding_y(l,:), 5,1); 
std_pred = std(pred_diff(2:5,:)); 
mean_pred_dev_err = mean(pred_diff(2:5,:)); 
mean_std_predict = mean(std_pred); 
msep 二 sum(mean_pred_dev_eiT.八2)/10; 
mean_mean_pred_dev_err = mean(mean_pred_dev_err)； 
mean_abs_pred_dev_err = mean(mean(abs(pred_diff(2:5,:)))); 
RMSEP = sqrt(sum(sum(pred_diff.^2))./40); 
RSEP= 100*sqrt(sum(sum(pred_diff•八 2))./sum(Name_of—sample—0.八2)); 
mean_std_pred2(kk, 1) 二 kk; 
mean_std_pred2(kk,2) = kk+win—width; 
mean_std_pred2(kk,4:13) = std_pred; 
mean_std_pred2(kk, 15) = mean_std_predict; 
mean_std_pred2(kk, 17) = mean_mean_pred_dev_eiT； 
mean_std_pred2(kk, 19) 二 mean_abs_pred_dev_err; 
mean_std_pred2(kk,21) = RMSEP; 
mean_std_pred2(kk,23) = RSEP; 
end 
if mod(win_count,9) 二 = 1 
h 二 figure(,Position', scrsz_array); 
set(h, 'papertype', ,A4,，'paperunits', 'centimeters', 'paperposition', [0.63 0.63 28.41 19.72]); 
subplot(3,3 ,mod(win_count,9)); 
plot(mean_std_pred2(:, 15), 'color', chu_map(2,:)); 
title(strcat('Mean(stdev) of SOOpts f.o. w win-size of:’，int2str(win_width) ,'nm')); 
h i 二 figure('Position', scrsz—array); 
set(hl, 'papertype', 'A4', 'paperunits', 'centimeters', 'paperposition', [0.63 0.63 28.41 19.72]); 
subplot(3，3 ’mod( win—count,9))； 
plot(mean_std_pred2(:,19), 'color’，chu_map(2,:)); 
title(strcat('Mean(abs(dev)) of SOOpts f.o. w win-size of:', int2str(win—width) ,'nm')); 
h2 = figure('Position', scrsz_array); 
set(h2, 'papertype', 'A4', 'paperunits', 'centimeters', 'paperposition’，[0.63 0.63 28.41 19.72]); 
subplot(3’3，mod(win_coimt’9)); 148 
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plot(mean_std_pred2(：,21), 'color', chu_map(2,:)); 
title(strcat(’RMSEP of SOOpts f.o. w win-size of:', int2str(win—width) ,'nm')); 
h3 = figure('Position', scrsz_array); 
set(h3, 'papertype,’ ’A4'，'paperunits', 'centimeters', 'paperposition', [0.63 0.63 28.41 19.72]); 
subplot(3’3,mod(win_count,9)); 
plot(mean_std_pred2(:,23), 'color', chu_map(2,:)); 
title(strcat('RSEP of SOOpts f.o. w win-size of:,, int2str(win—width) ,'nm')); 
else 





subplot(3,3 ,niod( win_count,9)); 
end 
plot(mean_std_pred2(:, 15), 'color', chu_map(2,:)); 
title(strcat('Mean(stdev) of SOOpts f.o. w win-size of:•，int2str(win_width) /nm')); 





subplot(3,3 ,niod( win_count,9))； 
end 
plot(mean_std_pred2(:, 19), 'color', chu_map(2,:)); 
title(strcat('Mean(abs(dev)) of SOOpts f.o. w win-size of:', int2str(win—width) ,'nm')); 





subplot(3 ’3 ,mod( win—count,9))； 
end 
plot(mean_std_pred2(: ,21), 'color', chu_map(2,:)); 
title(strcatCRMSEP of SOOpts f.o. w win-size of:', int2str(win—width) /nm')); 





subplot(3,3 ’mod( win—count,9)); 
end 
plot(mean_std_pred2(:,23), ’color'，chu_map(2,:)); 







Appendix D: Detail specification of the monochromator using in our laboratory 
^ode l DM 700 — 
Focal Length 750 mm  
Aperture Ratio f/11.0 
Optical Design computer optimized Czerny-Turner type  
Optical Port Front and side entrance, front and side exit  
Scan Range Mechanical range: 0 - 1600 nm with 1200 gr/mm grating  
Operating Range 185 nm to FIR with available gratings and detectors  
Resolution 0.025 nm  
Dispersion 1.1 nm  
Accuracy ±0.1 nm  
Repeatability ±0.04 nm  
Drive step size 0.025 nm with stepper motor  
Focal Plane size 25 mm wide x 14 mm height  
Detector coverage 28 nm  
Width: 0-5 mm, 10 um via micrometer control 
Standard slit ” • �i c i + Height: 4-15 mm, selectable  
Grating mount Dual or Triple grating turret  
Grating Size 68 x 68 mm  
PC interface RS-232C standard  
GRATING EFFICIENCY CURVES 
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The throughput example copied from the handbook of ORIEL Instruments. 
Example 1 
Estinrote the power cul of the 77700 MS2S7'^ as a 
monochronrator at 450 nm using the 150 watt, xenon arc 
lamp. 0.6 mm slits. 66919 Source and the 77742 
Grating. Thvs 65919 Source has an F.'0.&5 ccndenser. 
The beam from the condeiTser is focused on the input 
with a 127 mm focal length lens filling the mono-
chrcmatcf input. 
Th^ first step is to estimate how much power reaches 
the slit F^ane.十he source and lamp housing pages lists 
Lens MuHip i^cation Faclcfs which allow >txi to eslimate 
tb= power from the scurce at any wavelength. Folovvi ng 
the procedure on page 1-56: 
At 450 nm the irradiance from the 150 watt xenon 
lamp is 14.5 mW m ^ nm^ at 50 cm and the Lens 
Corwension Factor is 0.13.. 
Tb=refore. the beam from the first lens has ~1.9 mV<' 
nrtr^ at 450 nm. 
Since the source has a rear reflector which 
contributes about BOH nrore radiaticn, we estimate the 
beam pcwer as 3 mW nnn \ Note too, the seoDndary 
fccusing lens transnrission is about 0.5. 
'fb3 arc size from page 1 - M is 0.5 mm by 2.2 mm. It 
is important to note that this arc dimension produces 
only 60% cf the total radiatbn. The coter regicos of Ihe 
arc produce the other 40%. AJI regons contribute to the 
3 mVV figure. Because of this, v/e ba&s the calculatbn cn 
a souros of 0.5 mm by 2.2, providing l.a mW nm 
Following the pattern from the example on the 
previous page, the optics produce a 3.9/0.85 = 4.6 
magnified image of the scorce on the sliL The source 
image size is then 2.3 x 10.1 mm, so with the 
assumption of a unifcfm image irradiance, the fraction of 
image pcwer which passes through the slit is found 
usir>gthe vignetting factor (V). A;gain. since the image of 
lb= source is wider, but not taller, ttian Ihe slil: 
V =丄 mW 0 « V = — = 0.26 
2.3 
We can r>:w estimate hew much power rm- at 450 
门m enters the monod-f 'omatcf： 
1.8 mVV nrrr ' ( 0.9 * 0.26 � 0 . 4 2 m'»V nm' 
The 0.6 mm oorrespords to a bandwdlh of 2.02 
nm, so the pcwer into the monochromator in this 
bandwdth a 1450 nm is: 
0.42 X 2.02 - 0.85 mVV 
How Much Comes Out? 
n^ gratir>3 eflidericy relative to aluminum is 0.7, so 
the actual efficiency is about 
0.7 >： 0.88 = 0.62. 
In the lateral configuration the li,沪I is reflected off 4 
alutninized mirrors inside the monochromator. Each 
rrirrcr has a reflectance of about 0.88 a t 450 mn so the 
outpcil should hie: 
0.85 mW X 0.62 x - 0.32 mW 
The measured value is 0.24 mW, providing an 




Appendix G: RMSEP plot of the data obtained by self-established spectrometer 
with and without data pre-treatment 
RMSEP plot of raw data (using Si detector for the ranse from 600 nm to 1200 nm): 
RMSEP of rawdata with win-size of:20nm RMSEP of rawdata with wirvsize of:40nm RMSEP of rawdata with win-size of;60nm 
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RMSEP plot of raw data divided by halo sen spectrum (Si detector ransing from 600 nm to 1200 nm) 
RMSEP of div halogen with win-size of;20nm RMSEP of div halogen with win-size of:40nm RMSEP of div halogen with win-size of;60nm 
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RMSEP plot of raw data divided by water spectrum (Si detector ransins from 600 nm to 1200 nm): 
RMSEP of rawdata div. by water with wiresize of:20nm RMSEP of rawdata div. by water with win-size of:40nm RMSEP of rawdata div. by water with wirvsize of:60nra 
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RMSEP plot of raw data subtracted by halo, spectrum (Si detector ransim from 600 nm to 1200 nm): 
RMSEP of sub halogen with win-size of:20nm RMSEP of sub halogen with win-size of:40nm RMSEP of sub halogen with wirvsize of:60nm 
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RMSEP plot o f raw data subtracted by water spectrum (Si detector ransins! from 600 nm to 1200 nm): 
RMSEP of rawdata sub. by water with wirvsize of:20nm RMSEP of rawdata sub. by water vyith win-size of:40nm RMSEP of rawdata sub, by water with wiresize of:60r 
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RMSEP plot of rawdata (InGaAs detector ransins from 900 nm to 1600 nm): 
RMSEP of rawdata with win-size of:20nm RMSEP of rawdata with wirvsize of;40nm RMSEP of rawdata with win-size of:60nm 
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RMSEP plot of rawdata divided by halo sen spec. (InGaAs detector ransins from 900 nm to 1600 nm): 
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RMSEP plot ofrawdata divided by water spec. (InGaAs detector ran sins from 900 nm to 1600 nm): 
RMSEP of div water wo w with wirvslze of:20nm RMSEP of div water wo w with win-size of:40nm RMSEP of div water wo w with win-size of:60nm 
15001 , . 15001 . . . 1500, r  
I 
i . Jl k 
‘ f] „ 1000 , \ , 1000 J H n 1000 j \ a. h i a. i ； i Q- / \ 
m .i i.考 lu f! ; t � uj , j \ 
</} /r’ w , , w . A/+. I 1 an 丨"I “ / W 1 一 1 i ‘ i . fihj � 500. i . ,1 i .�i;人；. .- 500 ^ ； 1 A / f: • 500 x .： ) / ii ‘ 
qI ^ ‘ J 0' ‘ ‘- ‘ QI ‘ ‘ ‘  
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 
Window number Window number Window number 
RMSEP of div water wo wwith win-size of;80nm RMSEP of div water wo w with wirv-size of:100nm RMSEP of div water Wo wwith win-size of;120nm 1500, . . . 15001 . r , 15001 ‘ 
i \ /A A, 1000L i \ • 1000 I \ „ 1000L f \ -
a .,/ \ & / ^ 2] i \ 
S As? 1 /VAf 1 f\f\l 
比 5 0 0 ,、, ''！、 •• - 5 0 0 . n jh 5 0 0 - ./ . 
、 I :: I、 一； ：： ： ••• 一 ：； 
\ 广、；‘. i \ I �/%>-•-.-../_.� I" •"':)“• - I 
°0 200 BOO 800 % 200 400 600 800 % 200 400 600 
Window number Window number Window number 
RMSEPof div water wo wwith win-size of:140nm RMSEP of div waterwo w with win-size of:160nm RMSEP of divwater wo wwith win-size of:180nm 
15001 . . 15001 ‘ • 1000 • ^  
800. /v -
0. h _ c h . 0. M ‘ -拔 . i \ 崔 . i H I / iH 
差 500- /]Ai" - i 500. m - “ 400:广—>—丨 I -
___....—r . . ' � ' 'f —— 丨 200 • ‘ -
0 . 0 2 0 0 4 0 0 6 0 0 % 2 0 0 4 0 0 6 0 0 % 2 0 0 4 0 0 6 0 0 
Window number Window number Window number 
RMSEP of div water wo w with win-size of.200nm RMSEP of div water wo w with win-size of:220nm RMSEP of div water wo w with win-size of:240nm 800 ——^ ^ —n 800 . ^ • ^ 800 . • ^ ‘ 
A |V A 
600 i W 600 ‘ ‘ A • 600-
；hvi ; : i ： 
Q. f if ^ gj ' m I 400 L , , 广 J j • « 400 • f , 广 — — ， • ：妄 400-J , — ‘ . 圣 , j I oc .…乏 ^ " ” 
200 賣 200 r - 200. 1 " 
°0 200 400 600 °0 100 200 300 400 500 100 200 300 400 500 
Window number Window number •Window number 
RMSEP of div water wo wwith win-size of :260nm RMSEPof divwater wo w withwirvsize of:280nm RMSEP of divwater wo wwith win-size of:300nm 
800 I . . . . 7001 ‘ , . 4501 • • • 
J 
r. i 
600 /丨- 6Q0. I 400 [ .•• ’ 
D- r g] i & / 
I 400- , , — 」 : ， • i 500. ! i r 1/ 
1 L f I i 1 350 I• ——一 « -
200 i i 400 • , 二 
厂........ . . . .•丨 
% ~ ^ ~ ^ ^ " ^ 0 0 5 0 0 30% 100 200 300 400 500 100 200 300 400 500 
Window number Window number Window number 
RMSEP of div water wo w with wiivsize of:320nm RMSEP of div water wo w with win-size of:340nm RMSEP of div water wo w with witvsize of:360nm 
4 2 0 ^ . . 420, ‘ ~ - , • ‘ 
400 • 广 ’ - 400. / • 400. / . 0- / g] / & / 
I 380 K 广一.....'—...— .I I 380 . 一 f • i 380- —— ..... | “ 
1 r II- 差 丨 k ^ 丨 ll 
：• ：： - J i； 飞AD K �> ：(• -360 ::•� ：？ b^u • s>\j\i •! 
)i I 
V \ ‘ 
340o ^ ioO 3 4 0 � 100 200 300 400 100 200 300 400 
Window number Window number Window number 
173 
Avvendix 
RMSEP plot of rawdata subtracted by halo, spec. (InGaAs detector ranging from 900 nm to 1600 nm): 
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RMSEP plot o f rawdata subtracted by water spec. (InGaAs detector ransins from 900 nm to 1600 nm): 
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Appendix H: RMSEP plot of the raw data obtained from the three different 
commercial machines (Vector-22N/C, NIRSystem 6500 and NIRSystem XDS) 
Machine 1: Vector-22N/C 
RMSEP plot o f raw data: 
RMSEP of raw w win-size of;1 OOpt. RMSEP of raw w win-size of: 150pt. RMSEP of raw w wirvsize of:200pt. 
240, • 220, . 215：, ) ‘ I ： j n 220 J/ ！ .. • 210.為 � , � 力 \ • 210 -
1 • \ r 德： ：.i i90. - • i A i 
180- .  j I 180- t . 200. , ^ • 
IGOq 500 1000 1500 500 1000 1500 500 1000 1500 
Window number Window number Wndow number 
RMSEP of raw w wirvsize of:250pt. RMSEP of raw w win-size Of:3Q0pt. RMSEP of raw w win-size of:350pt, 2101 . . 2081 ^ . ‘ 206f r ft ‘  
、.〜八 A 206. A . 204- i 丨:\ . ^ 205. r � � / \ . . 204 ^ 〜乂 i . a J \ 
田 ！ \ 拐 i 1 I 202 f V h … 一 ' 、 . 
-i:200成 晏狐.nf 一 � � - - f y y^纟 / ^ 200 / -‘ 2 0 0 .一. / 
4 qc： I I -198 1 1 198 ^ -‘ —^ 
0 500 1000 1500 b 500 1000 1500 0 500 1000 1500 
Window number Window number Window number 
RMSEP of raw w win-size of:40dpt. RMSEP of raw w wirvsize of;450pt. RMSEP of raw w win-size of:500pt. 
206, . . . ^ r——-- 206.1 ^ • ‘ ‘ ‘ 206, • ^ ‘ , ‘ 
/ ��� /"x � � . . 广、 A . , 
204- / 、.〜,\ 204 r：' 〜 . \ • , , , 广 ' 、 . 〜 : : ' 、 
i- 广 丨 r^  204 / \ -
& / 1 � a / K � & / V W 202 • / �'�::.---. W 202 j « •/ L 
0： / 让 / 2 0 2 . / - 、 • - -
2 0 0 •：/ . 2 0 0 : . , / 
•‘ / 
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200 
Window number Window number Window number 
RMSEP of raww wirvsize of:550pt. RMSEP of raw w win-size ofSOOpt. RMSEP of raww wirvsize of:650pt. 
2 0 5 , — — “ — — ^ — — - — — 206, . ^ ， 1 206, • ‘ 丨 ‘ 
204. / .、一.、 2 0 5 - 广 、 一 • 205；广.、..〜 ‘ 
a 203. / k ： & 204 I \ • a 204- ； V 
W � W .；/ i 2 / \ 
I 202 - / •〜一 . . . . . . .一 . . 1 2Q3 / \ § 203 / \ “ 'I ./ �‘•..� i ��� 
( _ _ :/ \ �� o/Sn ‘ ‘ 201 / 202 :/ - 202:/ 
2卯0 200 400 600 300 1000 1200 200 400 600 80Q 1000 200 400 600 800 1000 
Window number Window number Window number 
RMSEP of raw w wirvsize of;700pt. RMSEP of raw w win-size of:750pt. RMSEP of raw w win-size of:800pt. 2:061 . ‘ , 206, . ‘ ‘ 205 r ’ ‘ 
205 - ,.'•、（. 205 ： .,~:、、 / \ 
/ 、、….. / 、.、,. „ 204- ：/ \ -& 204-. / \ - & . / � � . � & i \ I / \ i 204 / V - i / \ 
1 203 - / \ - 0： / \ 203-/ \ -
/ 乂 2 0 3 •/ \ -
2 0 2 ： 一 • ：/ \ 
: 、 - : : 〜 _ . . . — 一 . . , . - . - . 、 ? 、 . -
20""o 200 400 600 800 1000 200 400 600 800 1000 ^ 0 200 400 600 800 
Window number Window number Window number 
RMSEP of raw w win-size of:850pt. RMSEP of raw w wirvsize of:900pt. RMSEP of raw w wi^size of:950pt.  
205, ^ ‘ 205,^；^：：：^ • 2 0 5 1 y ^ � ‘ ‘ 
/ . � /' ���- / \ 204../ \ \ . 204./ \ • 
§ / \ I / \ I \ 
^ 203 ' \ - 203 \ . 比 203. \ -
V \-.、:， 、、：-.� •• 
—•••： - u. J 1 2 0 2 ‘ ^ 
^ ^ ^ 800 202� jOO 400 600 800 0 200 400 600 800 
Window number Window number Window number 
176 
Avvendix 
Machine 1: Vector-22N/C 
RMSEP plot of V' derivative of raw data: 
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Machine 2: NIRSystem 6500 
RMSEP plot of raw data: 
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Machine 2: NIRSystem 6500 
RMSEP plot of V^ derivative of raw data: 
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Machine 2: NIRSystem 6500 
RMSEP plot of raw data: 
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Machine 3: NIRSystem XDS 
RMSEP plot of V^ derivative of raw data: 
RMSEP of 1D with wirvsize oflOOnm RMSEP of 1D with win-size of:150nm RMSEP of 1D with wirvsize of:200nm 
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M a c h i n e 3: N I R S y s t e m X D S 
RMSEP plot of raw data with normalization with readjusting reference wavelensth @ 875 nm: 
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jmSEP plot of raw data with normalization with readmstine reference wavelength @ 1880 nm: 
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RMSEP plot of raw data with normalization with readiustins reference wavelensth @ 1882.5 nm: 
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Ayyendix 
RMSEP plot of raw data with normalization with readjusting reference wavelength @ 2405 nm: 
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